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Biofuels and biomaterials produced from abundant and renewable lignocellulosic 
biomass to supplement petroleum chemicals and materials are vital to the global economy 
and environmental initiatives. However, to fully discover the potential of lignocellulosic 
biomass, we must improve our understanding of lignocellulosic recalcitrance. Lignin has 
been considered as one of the most recalcitrant factors inhibiting the release of 
fermentable sugars during the bioconversion of biomass to biofuels.  However, we must 
address a significant knowledge gap between the content and the structural changes of 
lignin that occur during treatment and the chemical nature of biomass substrates.  
Understanding the structural parameters relevant to the recalcitrance of the plant cell wall 
and the individual and cooperative effects of the parameters on enzymatic 
saccharification is vital for improving current processing and conversion methods for 
cellulosic biofuels.  Furthermore, to facilitate the manufacturing of biomaterials such as 
carbon fiber with high performance, the structural parameters relevant to lignin de-
polymerization and re-polymerization during thermal treatment are also of high interest 
because they direct subsequent processes. 
 
The first objective of this thesis aims to establish the effect of several pretreatment 
technologies on cellulose crystallinity, crystalline allomorph distribution, and the 
cellulose ultrastructure. To understand biomass recalcitrance, energy crop poplar is taken 
as a starting material to observe the changes in the cellulose ultrastructure related to 
changes in enzymatic hydrolysis. This study compares hot-water, organo-solv, lime, 
lime-oxidant, dilute acid, and dilute acid-oxidant pretreatments with regard to their 
 xvii 
changes in enzymatic sugar release and then changes in their cellulose ultrastructure 
measured by 
13
C cross-polarization magic-angle spinning nuclear magnetic resonance 
(
13
C CP/MAS NMR) and wide-angle X-ray diffraction (WAXD). Then, the study entails 
the assessment of pretreatment severity and relative chemical de-
polymerization/degradation through compositional analysis and high-performance anion-
exchange chromatography with pulsed amperometric detection (HPAEC-PAD). Results 
obtained from this project can be then used in further research such as computational 
methods applied to the deconstruction of the model cell wall or the generation of new 
optimized biocatalysts and low-recalcitrant, genetically-engineered plants. 
 
The second objective of this thesis focuses on determining how the presence of lignin 
influences the efficacy of dilute acid pretreatment and induced changes in the cellulose 
ultrastructure, both of which may ultimately have large implications for the study of 
enzymatic deconstruction. The results indicate a strong influence of lignin content on 
changes in the cellulose ultrastructure occurring during dilute acid pretreatment (DAP).  
With the reduction of lignin content during DAP, the enlargement of cellulose microfibril 
dimensions and crystallite size becomes more apparent. Furthermore, this enlargement of 
cellulose microfibril dimensions is attributed to processes that include the co-
crystallization of crystalline cellulose driven by irreversible inter-chain hydrogen bonding 
(similar to hornification) and/or cellulose annealing that convert amorphous cellulose to 
para-crystalline/crystalline cellulose. Lignin acts as a barrier that prevents the 
enhancement of cellulose crystallinity and cellulose fibril coalescence during DAP, 
 xviii 
which suggests that sugar yield enhancement would benefit most from optimized partial 
delignification instead of compete lignin removal. 
 
The third objective of this thesis is to obtain a deeper understanding of the structure of 
lignin, the most recalcitrant component of biomass, during dilute acid pretreatment, 
which is critical to the continued growth of renewable biofuel production. Our results 
highlight that lignin is subjected to de-polymerization within a short 2 min of dilute acid 
pretreatment at 160 °C, and these changes are accompanied by increasing values for the 
aliphatic and phenolic hydroxyl groups of lignin. As the reaction residence time is 
extended beyond 5 min, a competing set of de-polymerization and re-polymerization 
reactions that lead to a decrease in the content of guaiacyl lignin units and an increase in 
condensed lignin units. A detailed comparison between the changes in functional groups 
and those in the molecular weights of cellulolytic enzyme lignins demonstrate different 
structure-related recalcitrant roles that lignin plays in poplar and switchgrass during 
pretreatment. These results can aid both in the development of improved enzymes that 
contain activities that decompose recalcitrant structures and in the design of various 
processing conditions that efficiently convert specific biomass feedstock into sugars. 
 
The last part of this thesis focuses on identifying the structures of various types of lignin 
and determining their effects on physicochemical characteristics, including their 
rheologies and their abilities to form a fiber.  Through this study, we will be able to select 
a type of lignin with superior processing performance characteristics, one that produces 
high-quality carbon fibers. To determine the type of lignin with superior performance, we 
 xix 
conducted rheology tests. Results showed that lignin with a lower S/G (syringyl/guaiacyl) 
ratio was more likely to form cross-linkages with higher viscosity values, higher 
molecular weight, and larger amounts of condensed bonds. This study not only provided 
a deeper insight into cross-linking and/or scission mechanisms during rheology testing 
but also established a correlation between the S/G ratio parameters and structural changes 
of lignin during rheological testing. The findings of this study can help in the design of 
new chemical modifications of lignin and innovative biosynthesis strategies for 
producing linear-fiber-forming lignin with controlled monomer ratios and chemical 
architectures that facilitate both rapid chemical transformation to an infusible mass and 




CHAPTER 1  
INTRODUCTION 
 
Global concerns have been raised with regard to the need for more sustainable and 
economic technologies and renewable resources that address environmental issues and 
meet energy demands.
1
 A promising resource that is both renewable and abundant is 
lignocellulosic biomass, which facilitates the efficient conversion of sunlight into 
chemical potential energy and displaces or even replaces petroleum feedstocks.
2
 These 
nonfood materials consist of woody crops, agricultural residues, and cellulosic waste 
composed of up to 75% polysaccharide sugars, which can be utilized in the synthesis of 
second-generation biofuels based on the lignocellulosic biorefinery techniques applied in 
the long-term management of greenhouse gas and energy security.
3
 By 2022, the required 
volume of renewable fuels added into the transportation fuel sold in the United States by 




Currently, the conversion of biomass can be classified into two general processes: 
thermochemical conversion for the production of biofuels power and heat, by gasification, 
liquefaction and pyrolysis; and biochemical conversion for the production of fuel and 
chemicals, including anaerobic digestion, biodiesel conversions, and ethanol synthesis.
6
 
To date, the generation of bio-ethanol by one biochemical conversion process, enzymatic 
hydrolysis and fermentation, is one of the most heavily studied conversion processes.
7
 
The first step of this process from lignocellulosic biomass to biofuels incorporates 
pretreatment, the purpose of which is to reduce the inherent recalcitrance of plant cell 
 2 
walls so that the polysaccharide fractions locked in the intricacy of plant cell walls can 
become more vulnerable to enzyme attack.
8
 Several leading pretreatment techniques 




The ultrastructure of cellulose, which is relevant to the enzymatic deconstruction of the 
biomass, should be monitored for the purpose of deconvoluting factors affecting 
recalcitrance and developing a more thorough understanding of molecular-level 
mechanisms that these enzymes employ. However, lack of understanding the relationship 
between ultrastructures and enzymatic hydrolysis has resulted in several knowledge gaps:  
such as the relationship between pretreatment severity and cellulose ultrastructures, 
including crystallinity, allomorphs, cellulose fibril dimension; and another between the 
lignin content and structural changes during dilute acid pretreatment and cellulose 
ultrastructure alteration along with downstream enzymatic hydrolysis behavior. 
 
The purpose of this dissertation deals with the impact of lignin content and structural 
factors on changes in the cellulose ultrastructure taking place during pretreatments for the 
production of biofuels, and the effect of lignin types and structure during rheology test on 
physicochemical properties of the precursor material suitable for production of carbon 
fiber. The primary goal of this thesis (Chapter 4) is to fill in these gaps and investigate the 
changes in the structural parameters of cellulose during various leading pretreatments and 
the individual and cooperative effects of these parameters on enzymatic saccharification. 
A vital component of this study is to generate reliable structural models of cellulose 
before and after pretreatment which could facilitate the way for optimizing processing 
 3 
conditions that enhance the production of biofuels and biomaterials. The following 
section (Chapter 5) aims to assess the influences of the presence of lignin on dilute acid 
pretreatment-induced changes in the cellulose ultrastructure and to verify the hypothesis 
stating that, in the absence of intact hemicelluloses and the lignin matrix during 
pretreatment (elevated hydrothermal conditions), cellulose crystallites have an increased 
propensity to inhibit enzymatic hydrolysis. Chapter 6 further investigates the structural 
transformation of the cellulolytic enzyme lignins in poplar and switchgrass during dilute 
acid pretreatment, thereby drawing a clear picture about the nature of lignin chemistry 
and the way in which these structural changes limit efficient sugar release in woody and 
non-woody biomass. In addition, Chapter 7 aims to investigate the physicochemical 
properties of the carbon precursors from poplar lignin before and after melt rheology so 
that we can select a lignin with superior processing performance characteristics for 
fabricating high-quality carbon fibers. 
  
 4 
CHAPTER 2  
LITERATURE REVIEW: LIGNOCELLULOSIC BIOMASS FOR 
BIOFUELS AND BIOMATERIALS 
 
2.1 Lignocellulosic Biofuels 
The rising global demand for energy and material from unstable and expensive petroleum 
resources and concerns about the economy and global warming call for the development 
of renewable energy sources to that replace fossil fuels.
1, 10
 Since the first-generation 
biofuels were produced from sugar, starch, and oil-seed-based feedstocks that have 
generated serious competition and a debate for food resources. Therefore, second-
generation biofuels expanded the feedstocks to lignocellulosic biomass, including agri-
residues, agro-industrial wastes, forestry and energy crops, which are abundant, 
renewable and cost-effective non-food resources.
11
 Certain oils produced by plants and 
algae, which can be used directly as fuel or chemically transesterified to biodiesel. 
Hydrogen gas can be produced by not only photosynthetic algae and cyanobacteria under 
certain nutrient- or oxygen-depleted conditions but also bacteria and archaea utilizing 
organic substrates under anaerobic conditions. Other biofuels such as bioethanol and 
biobutanol can also be produced as organic substrates fermented by microbes under 
anaerobic conditions.
10
 Energy contents of specific fuel sources are summarized in Figure 

















































(C) Energy content  
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First-generation biofuels can impact the environment, the economy, water 
overconsumption and pollution, deforestation, biodiversity loss, and social conflict.
13
 
Most authorities such as the EU-Renewable Energy Directive and Food and Agriculture 
Organization of the United Nations have become aware of these effects and issued 
regulations on the production of first-generation biofuels.
13, 14
 To date, one of the most 
important liquid forms of biofuel from carbohydrates is bioethanol, produced in plants or 
plant-derived materials.  In 2005, the United States became the world's largest producer 
of ethanol fuel, the production of which had increased from 1.63 billion gallons in 2000 
to 13.2 billion U.S. liquid gallons (49.2 billion liters) in 2010 and subsequently to 13.9 
billion U.S. liquid gallons (52.6 billion liters) in 2011.
15
 Moreover, the minimum 
volumes of various types of renewable fuels that must be included in the United States’ 
supply of fuel for transportation by the Renewable Fuel Standard (RFS) is intended to 
rise to 36 billion gallons by 2022.
4,5
 Recently, technological advances have boosted the 
production of cellulosic ethanol and ethanol from plant waste (e.g., corn stover) on a 
commercial scale with the opening of a $275 million, 25-million gallon per year 
cellulosic ethanol plant in Emmetsburg, Iowa—a joint venture between POET, an 
American biofuels company, and the Dutch firm Royal DSM.
16
 Poet-DSM will produce 
cellulosic ethanol from corncobs, leaves, husks, and corn stalks harvested by farmers 




Conventional processes for producing lignocellulosic ethanol are typically divided into 
several steps: size reduction of biomass, pretreatment, enzymatic cellulose hydrolysis 
(saccharification), fermentation, and distillation.
18
 Considering biomass recalcitrance, or 
 7 
the capability of the natural resistance of the plant cell wall to microbial and enzymatic 
deconstruction, current cellulosic bioethanol production requires pretreatment prior to 
enzymatic hydrolysis and fermentation. The purpose of pretreatment is to break down the 
cell wall structure, alter and redistribute its components, disrupt the lignin-cellulose 
matrix, and thereby increase cellulose accessibility to enzymes during hydrolysis. 
Subsequently, bioethanol is derived from simple sugars through fermentation followed by 




2.2 Lignocellulosic Feedstocks 
Lignocellulosic biomass is mostly cell wall material mainly composed of three 
biopolymers: cellulose (35–50%), hemicellulose (20–32%) and lignin (10–35%), along 
with smaller amounts of pectin, protein, extractives, and ash.
20
 Figure 2 summarizes the 
composition of lignocelluloses encountered in the most common sources of biomass.
21
  
The sources can generally be grouped into six categories: energy crops, agricultural 
residues, logging residues, mill residues, forest resources, and urban waste. Forest-
derived resources include forest residues from harvesting or land conversion, unused 
mills from wood or pulp processing, waste from urban wood, and debris from 
construction/demolition. The energy crop category includes lignocellulosic crops such as 










Cellulose is a linear homopolysaccharide composed of β-D-glucopyranosyl units linked 


























Cellulose  Hemicellulose Lignin
 9 
2.2.1.1 Cellulose Degree of Polymerization 
Many properties of cellulose depend on its degree of polymerization (DP), including the 
effect of pretreatment technologies on the DP and its subsequent influence on the 
enzymatic hydrolysis of cellulose for the purpose of producing fermentable sugars. DP 
can be defined in terms of the number-average DP (DPn), weight-average DP (DPw) and 
viscosity-average DP (DPv) according to the following equations 
24
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where Ni is the number of moles of a given fraction i with molecular weight Mi, Mn is the 
number-average molecular weight, Mw is the weight-average molecular weight, Mv is the 
viscosity-average molecular weight, MWglu is the molecular weight of anhydroglucose 
(162 g/mol), η is viscosity, Km is a constant, and the values of α for cellulose and 




Most commonly used techniques of measuring cellulose DP are viscometry and gel-
permeation chromatography (GPC) methods.
25
 Although the viscometry method provides 
cellulose DPv relatively quickly and conveniently, it has several limitations, including 
non-absolute average Mv values, which depend greatly on solvent and temperature 
conditions, no clear information concerning the molar mass distribution, and complex 
metal solutions used with the testing method that can degrade cellulose.
26
 In contrast, 
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GPC can provide more detailed information, including DPn, DPw with all three molecular 
weights (Mn, Mw, Mv), and the polydispersity index (PDI=Mw/Mn), which is used to 
measure the broadness of the molecular weight distribution of a polymer. The relative 
cellulose molecular weights that GPC provides are based on the molecular weight of 
well-defined polystyrene standards with varying molecular weights.
26b
 A list of the DPs 
of cellulose determined by the nitration method followed by the measurement of viscosity 
is summarized in Figure 4.
27
 Nitration was carried out in a mixture of HNO3:H3PO4:P2O5 
(64:26:10, w/w), and the final product was then used for a nitrogen assay and for the 
viscosity measurement after fractionation. The specific viscosity of each fraction was 
calculated from the measurement of the efflux times at decreasing concentrations in a 
viscometer at 25°C. The intrinsic viscosity was calculated by extrapolation to zero of a 
plot of specific viscosity over concentration. The average molecular weight of each 
fraction was estimated by the Mark-Houwink equation.
28
 Thus, the distribution pattern of 
the DP of the cellulose could be determined. This method does not require pre-isolation 
of cellulose through holocellulose pulping and the base-catalyzed hydrolysis of the 
hemicellulose.
26b
 However, the nitration method is rarely used because of uncertainty 
arising from the possible acid hydrolysis of the cellulose chain during derivatization 
along with the instability of the derivative. Nitric and phosphoric acids are very dramatic, 
resulting in the over-hydrolysis of cellulose chains, which has been confirmed by several 










To date, cellulose tricarbanilate (CTC) has been a commonly used cellulose derivative for 
DP measurement by GPC.
29
 Cellulose tricarbanilation is commonly performed by the 
reaction of cellulose with phenyl isocyanate in pyridine as the solvent. The unreacted 
phenyl isocyanate is quenched by methanol that is then added to the mixture. Afterwards, 
the mixture is poured into a 3:7 water-methanol mixture to precipitate the cellulose 
tricarbanilate. The derivatized cellulose is finally purified and dissolved in 
tetrahydrofuran (THF) for GPC measurement.
29a, 30
 When CTC facilitates the study of 
cellulose DP by GPC, it has several advantages, including complete substitution, no de-
polymerization during derivatization, the stability of the derivative, and solubility and 
stability in the THF.
25
 However, this testing method is only applied to the pure cellulose 
isolated from samples that are native biomass and biomass after various treatments. 
Figure 5 summarizes the DP values of several native cellulose samples based on the 
viscometry technique,
31
 which is more adequate for analyzing cellulose DP because of 
the complexity of the lignocellulosic biomass.
31a










to 4,500, depending on the various origins of biomass such as hardwoods (e.g., poplar 
and aspen) with a cellulose DP of 3,500 and 4,500, and agricultural residues, which vary 
within a range of 1,800 to 4,000. 
 




2.2.1.2 Cellulose Polymorphs 
Cellulose also has a strong tendency to form intra- and intermolecular hydrogen bonds 
that result in unique ultrastructures of native celluloses in plant. Some of these H-bonds 
contribute to stiffening the straight chain and promoting aggregation in the crystalline 
structure (highly ordered regions), the others could form less-ordered (amorphous) 
regions
23
 that result in the change of cellulose crystallinity in lignocellulosic materials 
according to their origin and acquisition process. Crystalline cellulose displays six 
various allomorphs (I, II, IIII, IIIII, IVI, and IVII) with the possibility of conversion from 





















Cellulose I and II are the most predominant among various polymorphs. Cellulose I is the 
main polymorph found in native form that contains parallel cellulose chains, in which the 
reducing ends are aligned in same direction.
33
 Modern analytical techniques have 
confirmed that two intra-chain hydrogen bonds exist between O3-H and O5 and between 
 14 
O2-H and O6, with one inter-chain hydrogen bond between O6-H and O3, which is 
responsible for the structure of cellulose I.
34
 Furthermore, native cellulose is composed of 
three crystalline allomorphs (Iα, Iβ, and para-crystalline cellulose) and amorphous 
cellulose at accessible and inaccessible fibril surfaces. Para-crystalline cellulose is less 
ordered than crystalline cellulose Iα and Iβ but more ordered than the amorphous region. 
While accessible fibril surfaces are regions in contact with water, inaccessible fibril 
surfaces are fibril-fibril contact surfaces and surfaces resulting from distortions in the 
interior of the fibrils.
35
 A structure of cellulose I in which a unit cell of the crystal lattice 
is a monoclinic unit with the space group P21 consisting of two anti-parallel cellobiose 
chain segments has been proposed.
32









Whereas cellulose Iα, known as a triclinic structure, has one cellulose chain per unit cell, 
cellulose Iβ, known as a monoclinic structure, has two cellulose chains per unit cell. 













predominantly exists in higher plants. The abundance of Iα or Iβ polymorphs in 
lignocellulosic material may affect the reactivity of cellulose because cellulose Iα is more 
reactive than cellulose Iβ. Cellulose Iα, meta-stable in nature, can be converted to the 
thermodynamically more stable allmorph Iβ by annealing.
36
 The basic building unit of the 
cellulose skeleton is an elementary fibril that contains 36 β–D-glucan chains with a 




Figure 8 Cross section of the elementary fibril containing 36 glucan chains of the unit 




Cellulose II is the second most extensively studied crystalline form with a monoclinic 
unit cell (i.e., the reducing ends are aligned in an anti-parallel direction). The conversion 
of cellulose I to cellulose II can be accomplished by mercerization in alkali or by 
regenerating cellulose I in a suitable solvent such as heavy metal-amine complex 
solutions, copper with ammonia in water, some inorganic salts above 100°C, 
thiocyanate/amine, LiCl/DMAc mixtures, and NMMO/water systems, among others, 
 16 
which is generally considered to be irreversible.
39
  The nature of hydrogen bonding in 
cellulose II chains indicates that the outer chains contain intermolecular hydrogen 
bonding between O2-H and O-6 and intramolecular hydrogen bonding between O3-H 
and both O5 and O6. The center chains contain intermolecular hydrogen bonding 
between O6-H and O2, and intramolecular hydrogen bonding is similar to the outer 
chains. Intermolecular hydrogen bonding occurs not only between O2-H and O2 but also 




In addition, cellulose III is usually obtained from cellulose I and II by treating it with 
liquid ammonia at low temperatures or in ethylene diamine followed by washing with 
alcohol. Cellulose IV is formed from cellulose II and III upon treatment in a suitable 
liquid at high temperatures as shown in Figure 6. 
 
2.2.1.3 Cellulose Characterization by NMR 
The crystalline structure of cellulose has been studied since its discovery in the 19
th
 
century. Crystallinity in cellulose is typically evaluated as the ratio of two phases, defined 
as either crystalline versus amorphous regions or ordered versus disordered regions. A 
detailed ultrastructural picture of cellulose, including cellulose crystallinity, crystallite 
size, and crystalline allomorphs has been provided using several different techniques, 





 For example, a common X-ray diffraction (XRD) 
method determining the cellulose crystallinity considers the peak intensity of the 002 




 Since some have debated the accuracy of this method, other methods for 
processing XRD patterns and determining cellulose crystalline are based on the analysis 







C CP/MAS NMR spectroscopy provides a high level of detailed chemical 
and structural information that is especially useful in the ultrastructural analysis of 
cellulose.
19a
 Because solid-state NMR is sensitive to magnetic non-equivalences in an 
environment of chemically equivalent nuclei, crystalline and amorphous cellulose can be 
shown to generate chemical shifts. Earlier studies that used 
13
C CP/MAS NMR to 
investigate cellulose from Acetobacter, Valonia, kraft pulp, and low-DP acid-hydrolyzed 
cellulose, not only provided information of crystallinity index but also enabled a 
thorough investigation of the ultrastructure of cellulose, such as observed variations in 
chemical shifts for the C4 and C6 carbon positions in the anhydro-glucose unit dependent 





Because of the interference with the cellulose amorphous region, hemicelluloses and 
lignin must be removed from the cellulose samples to ensure the accuracy of this 
technique.
45
 In the 
13
C CP/MAS NMR spectrum of isolated cellulose, the C1, C4, and C6 
signals of cellulose extend over chemical shift ranges of δ=102–108, 80–92, and 57–67 
ppm, respectively, along with the first peak in the C-4 region corresponding to the 
crystalline structure (δ=86–92 ppm) and the amorphous region located in the range of 
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δ=80–86 ppm, as shown in Figure 9.
46 
Therefore, cellulose crystallinity can be 
determined by a two-peak, non-linear, least-squared fit or the basic peak integration of 
these two regions. One study developed a novel method that utilized a partial least-
squares (PLS) model for not only estimating cellulose Iα and cellulose Iβ content
47
 but 
also deconvoluting the contributions of para-crystalline cellulose and accessible and 
inaccessible fibril surfaces based on the non-linear line-fitting of six or seven resonances 
to the C4 peak region of the adjustable shape, width, chemical shift, and relative 
intensity.
45, 48
 Table 1 summarizes the cellulose crystallinity and ultrastructure from 





cellulose crystallite or microfibril dimensions can also be estimated using the relative 
intensity of C4 amorphous peaks that represents the percentage of chains at fibril surfaces 
along a square cross-sectional cellulose microfibril model, in which cellulose chains have 







Figure 9 Spectral fitting for the C-4 region of CP/MAS 
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Table 1 The relative contents (%) of crystalline, para-crystalline and amorphous portions 











Loblolly pine 63 0.1 30.7 24.8 6.9 33.1 15.6 
Poplar 63 5.0 14.2 31.1 19.8 10.2 18.3 
Switchgrass 44 2.3 8.8 27.3 4.5 5.7 51.3 
 
2.2.2 Hemicellulose 
Hemicellulose is a collective term used to present a family of polysaccharides found in 
the plant cell wall with various compositions and structures. Different from cellulose, 
hemicelluloses are composed of combinations of pentose and/or hexoses, such as xylose, 
arobinose, mannose, galactose, and glucose, with acetylated groups, uronic acid and 4-O-
methyl ethers.
51
 The hemicelluloses are broadly classified into four general classes of 
polysaccharide types based on structural differences in the cell wall:  xylans, mannans, β-
glucans with mixed linkages, and xyloglucans. The main hemicelluloses in softwood are 










Most hemicelluloses have relatively low molecular weight with a DP of 50~300 in wood 
that could contain 15-30% of hemicellulose in hardwood or softwood, summarized in 
Table 2.
52
 Highly branched structures and acetyl groups on the polymer chain result in a 
lack of crystalline structure in hemicellulose. The most abundant sugar monomer in the 
softwood hemicelluloses is mannose; correspondingly, the most abundant sugar monomer 
in hardwood hemicellulose is xylose. Xylan is a heteropolysaccharide with a 
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homopolymeric backbone chain of 1,4-linked β-D-xylopyranosyl units. The branches of 
xylan, which may contain arabinose, glucuronic acid, or the 4-O-methyl ether, acetic, 
ferulic, and p-coumaric acids, vary depending on their origins.
53
 Poplar normally contains 
~20% hemicelluloses in which O-acetylated 4-O-methyl-glucuronic acid xylan or 
glucuronoxylan is the main component. Numerous studies revealed that xylans (15.9 to 
22.4%) are the major hemicellulose in all the poplar species in their study, followed by 
mannans (0.9 to 3.4%). 4-O-methyl-glucuronic acid (4-O-MeGlcA; 2.2 to 2.8%), 
galacturonic acid (2.3 to 2.8%) and minor amounts of glucuronic acid (0.1 to 0.3%) have 
been identified as the uronic acids present in poplar.
52c
 Galactoglucomannan is comprised 
of (1→4)-linked β-D-glucopyranosyl and D-mannopyranosyl units that are partially 
acetylated at the C2-OH and C3-OH and partly substituted by (1→6)-linked α-D-
galactopyranosyl units.
54
 Figure 11 summarizes the monosaccharide of several 



















Poplar Switchgrass Miscanthus Corn stover Wheat
straw
Rice straw Cotton stalk
%
 
Arabinose Galactose Glucose Mannose Xylose
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Table 2 Hemicellulose composition and DP in several lignocellulosic feedstocks.
52
 
  Carbohydrate composition of the hemicellulose  
Biomass Hemicellulose Sugar residues Molar ratio DP 
Birch Glucuronoxylan 4-O-MeGlcA:Xyl 5:100 101-122 
Aspen Glucuronoxylan 4-O-MeGlcA:Xyl 9:100 101-122 
Poplar Glucuronoxylan 4-O-MeGlcA:Xyl 12.5~13.8:100* 50 - 300 
Spruce Arabinoglucuronoxylan Ara: 4-O-MeGlcA:Xyl 6:13:100 107-145 
 Galactoglucomannan Gal:Glu:Man 16:24:100 118-132 
Pine Arabinoglucuronoxylan Ara: 4-O-MeGlcA:Xyl 10:16:100 107-145 
 Galactoglucomannan Gal:Glu:Man 9:22:100 118-132 
Larch Arabinoglucuronoxylan Ara: 4-O-MeGlcA:Xyl 10:12:100 107-145 
 Galactoglucomannan Gal:Glu:Man  8:26:100 118-132 
*: weight ratio 
 
Table 3 Uronic acid content (%) of various biomasses.
56 
Biomass substrate Uronic acids content (%) 
Poplar hybrid 2.2-2.3 
Sweetgum 2.6 
Switchgrass 1.5 
Weeping lovegrass 1.4 
Sericea lespedeza 3.2 
Wheat straw 3.8-5.4* 
*: percentage of total hemicelluloses in wheat straw. 
 
Moreover, higher plants contain various amounts of different uronic acid-containing 
hemicelluloses, such as β-D-glucuronic acid, α-D-galacturonic acid, α-D-4-O-
methylglucuronic acid. Accurate analysis of the carbohydrate composition in higher 
plants, particularly uronic acid, is often desired for monitoring process control and 
product quality parameters in different application areas, such as Kraft pulping, bio-film 
and bio-foam manufacturing, the fragmentation of hemicelluloses for fermentable sugar, 
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and biological aspects in food and non-food applications. Table 3 summarizes contents of 





Lignin is the second most abundant biomass component and the primary renewable 
aromatic resource in nature.
57
 Lignin fills the spaces between cellulose and 
hemicelluloses acting as a resin that bonds the lignocelluloses matrix together.  Distinctly 
different from cellulose and hemicelluloses, lignin is one of the most complex natural 
polymers synthesized by enzymatic dehydrogenative polymerization of 4-hydroxyphenyl 
propanoid units.
58
 Lignin is composed predominantly of three phenylpropane monomers: 
p-hydroxyphenyl (H, from p-coumaryl alcohol), guaiacyl (G, from coniferyl alcohol), and 
syringyl (S, from sinapyl alcohol) units as summarized in Figure 12.
59
 The composition 
of lignin varies depending on its origins, shown in Table 4,
60
 softwood (i.e., gymnosperm, 
Scots pine) lignin is predominantly derived from G-type monolignol, in contrast, 
hardwood (i.e., angiosperm, Populus) lignin is mainly derived from G- and S-type 
monolignols with trace of H-type monolignol.
61
 Softwood generally contains about 25-35% 
of lignin and hardwood 18-25% of lignin. Grass lignin (e.g., switchgrass) is derived 
mostly from G- and S-type monolignols with significant amount of H-type monolignol, 
along with significant levels of p-coumaric and ferulic acid (Figure 12) that is involved in 
cross-linking to lignin and hemicelluloses complex.
61b
 Table 5 summarizes the typical 






Table 4 Composition of some lignocellulose sources (% dry weight). 
60 
Biomass substrate Cellulose (%) Hemicelluloses (%) Lignin (%) 
Bagasse 38 27 20 
Wheat straw 30-38 21-50 15-23 
Corn stover 38-40 22-28 18-23 
Rye grasses 25-40 35-50 10-30 
Switchgrass 31-45 20-30 12-18 
Pine 44 23 28 
Eucalyptus 50 13 28 
Poplar 40-50 17-19 18-26 
 
Table 5 The G/S/H lignin ratio from several common energy crops. 
62 
Biomass substrate G lignin (%) S lignin (%) H lignin (%) 
Wheat straw 49 46 5 
Rice straw 45 40 15 
Sugarcane bagasse 30 37 33 
Switchgrass 51 41 8 
Miscanthus 52 44 4 
Corn stover 51 3.6 46 









Lignin precursors are polymerized via radical coupling reactions that result in three-
dimensional complex, amorphous and phenylpropanoid macromolecules. Figure 13 
indicates the phenyl propane precursors of lignin and the enzymatic synthesis pathway 
from coniferyl unit to the typical linkages in lignin structure — β-O-4 linkage. Some 
other major types of linkages with reported abundance in lignins from softwood and 
hardwood have been shown in Table 6.
63
 The radical electron occurs at different positions 
due to resonance which allows the formation of several different inter monomer linkages 
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via radical polymerization. This polymerization process is normally initiated by an 
enzyme-catalyzed oxidation of the monolignol phenolic hydroxyl groups to generate free 
radicals. A monolignol radical can then couple with another one to generate a dilignol. 
Subsequent nucleophilic attack by water, alcohols, or phenolic hydroxyl groups on the 
benzyl carbon of the quinone methide intermediate restores the aromaticity of the 
benzene ring. The generated dilignols then undergo further polymerization to form 
protolignin. Therefore, various types of inter monomer linkages can be commonly found 
in biomass, such as resinol (β-β), phenylcoumaran (β-5), biphenyl (5-5), and 1,2-diaryl 




Figure 13 Possible radical coupling pathway to form β-O-4 linkage from coniferyl unit.  
 




Linkage β-O-4 4-O-5 Dibenzodioxocin β-5 5-5 β-1 β-β 
Softwood 45-50 4-7 5-7 9-12 19-22 7-9 2-4 








Various types of lignin polymerization pathways result in a highly branched 
macromolecule with weight average of molecular weight (Mw) ~20,000 in softwood and 
slightly low molar mass in hardwood, along with polydispersity of 2.5 and 3.5, 
respectively.
64
 The molecular weights of various lignins isolated using enzymatic mild 





Figure 15 Weight-average molecular weight (Mw) and number-average molecular weight 






2.2.3.1 Lignin Characterization by NMR 
The chemical structure of lignin depends on multiple conditions, such as environmental 
effects during growth and various separation processes. Nuclear magnetic resonance 
spectroscopy is a powerful tool for detailed structure elucidation. Lignin analytical 
techniques by NMR are briefly reviewed in this section, especially focusing on the 






P and heteronuclear single 
quantum coherence (HSQC)) measurement to gain detailed insights into lignin structural 
changes during various treatments. 
 
1
H NMR enables the differentiation between at least carboxylic, carbonyl, phenolic, 















advantage is the most abundant 
1
H nucleus among the nuclei. Although several signal 





NMR of acetylated and un-derivatized lignin can still provide useful information for 
those key lignin functional groups. 
 
Figure 16 An example of 
1
H NMR spectrum of poplar mill-wood lignin using dimethyl 





C NMR provides comprehensive information of the structures of all carbons in lignin 
with multiple advantages compared to proton NMR, such as better resolution, better 
reliability, less overlap of signals, and broader spectral window (i.e. δ 240-0 ppm). 
Earlier study of carbon NMR on Kraft lignin employed DEPT (distortionless 
enhancement by polarization transfer) to separately evaluate CH, CH2, CH3 and aromatic 
ring from their combination quaternary spectra.
67
 Acetylation of lignin not only overcame 
signal overlap but also enabled to calculate the amounts of given inter-unit linkages by 
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differentiation between integrals. Quantitative analysis of lignin is based on the 
phenylpropane (C9) by calculating the ratio of the integral value of a given carbon signals 
to 1/6 the integral of the aromatic carbons (signal located at δ 162-102 ppm).
68
 Figure 17 
represents a quantitative 
13
C NMR spectrum for a milled wood lignin (MWL) isolated 




Figure 17 Quantitative 
13
C NMR spectrum of a MWL isolated from a hardwood 
Buddleja davidii.
46
 Ar: aromatic; OMe: methoxyl; DMSO: dimethyl sulfoxide. 
 
Multidimensional NMR techniques, such as HSQC, in the structural analysis of lignin 
have a significant advantage that allows the resolution of otherwise overlapping 




C spectra axis. In HSQC, two polarization transfer delay 




C nuclei, and the spectrum is 
obtained with the optimized 
1
JCH-coupling of 145 Hz.
69
 This advanced two-dimension 
(2D) NMR technique not only enables the separation of signals heavily overlapped in 1D 
spectrum but also provides increasing sensitivity of 
13
C nuclei by polarization transfer, 
 31 
which make this correlation method a high resolution tool for analyzing lignin. Compared 
to overlapping 1D spectrum, it can show functionalities and inter-unit linkages well 
separated.
70
 Although the limitation including the semi-quantitative analysis and spectral 
overlap of lignin functionality still exists, HSQC is widely used for structural 
identification and estimation of the relative abundance of inter-unit linkages in lignin, 






P NMR is a rapid analysis tool to quantify the hydroxyl functionalities in 
lignin with its “selective tag”, through phosphitylation with 
31
P containing TMDP (2-
chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane), as shown in Figure 18.
46a
 This 
method demonstrates a unique advantage in measuring lignin hydroxyls within a single 
spectrum, providing quantitative information for various types of major hydroxyl groups 
in a relatively short experimental time with small amounts of sample (Figure 19).
72
 
Hydroxyl groups in lignin, including aliphatic, carboxylic, guaiacyl, syringyl, C5-
substituted phenolic hydroxyls, and p–hydroxyphenyls are among the most important 
functionalities that influence lignin physical and chemical properties. These functional 
groups exhibit a prominent role in defining reactivity of lignin, such as the cleavage of 
inter-unit linkages, oxidative degradation, and re-polymerization (condensation) reactions 




P NMR method has been shown to be 
very effective for determining the presence of hydroxyl groups to provide the precious 
information about the structural change occurred in lignin. 
 32 
 
Figure 18 Reaction of labile hydroxyls present in lignins with 2-chloro-4,4,5,5 
tetramethyl-1,3,2-dioxaphospholane.
46a
 R: Lignin side-chain; R': lignin unit.  
 
 
Figure 19 Quantitative 
31
P NMR spectrum of a softwood lignin derivatized with TMDP 





2.2.4 Lignin-carbohydrate Complex 
Hemicelluloses are covalently linked by relative hydrophobic lignin and thereby form 
those cross-links that are also called lignin-carbohydrate complexes (LCCs) with 
heterogeneous structures. LCCs are presumed to exist in higher molecular weight lignin 
fractions which are water insoluble. LCCs in hardwood and grass are composed in part 
from 4-O-methylglucuronoxylan and arabino-4-O-methylglucuronoxylan, respectively.
74
 
In contrast, carbohydrate portions are mainly composed of galactomannan, arabino-4-O-
methylglucuronoxylan, and arabinogalactan, all of which linked to lignin at benzyl 
positions for LCCs in softwood.
75
 Those LCCs consist of phenyl glycoside bonds, esters, 









2.3 Biomass Recalcitrant Factors 
Structural sugars are stored as cell wall polysaccharides as a common energy source. 
Millions of years of evolution have honed the chemical and molecular features of plant 
 34 
cell wall to protect those sugars. This inherent capability of lignocellulosic biomass to 
resist enzymatic and microbial deconstruction referred to biomass recalcitrance.
77
 
Improving the understanding of the origins and mechanisms of biomass recalcitrance is 
important to advance the conversion of large-scale lignocellulosic biomass. Enzymatic 
hydrolysis is influenced by both structural features of substrate and the mode of enzyme 
action. Several substrate related factors are believed to contribute to this recalcitrance, 
such as the structure and content of lignin, acetylated hemicelluloses, LCCs, cellulose 





2.3.1 Cellulose Related Factors 
The main purpose of enzymatic hydrolysis is to deconstruct cellulose and related 
carbohydrate polymers to fermentable sugars that can be further converted to valuable 
biofuels and biochemicals such as bioethanol and/or biobutanol, through biological or 
chemical approaches. Although bioconversion of cellulose is complicated by existence of 
other components and derivatives after pretreatment, it is essential to understand the 
effects of key features of cellulose itself on the effectiveness of enzymatic hydrolysis. 
 
2.3.1.1 Cellulose Crystalline Allomorphs Factor 
Cellulose can be taken as a composite material that is built from nano-scale microfibrils 
due to inter/intra molecular hydrogen bonding. These hydrogen bonds hold the network 
flat and allow stacking of cellulose chains. Those microfibrils are insoluble cable-like 
structures that are typically composted of about 36-chain model of cellulose elementary 
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fibril, each of which contains between 500 and 14000 β-1,4-linked glucose molecules.
19b, 
78
  Cellulose contains crystalline and amorphous regions (as shown in Figure 9 and Table 
1), the latter have been reported to be subjected to a faster decrease as a function of 
enzymatic hydrolysis time.
36a
 Although there is debate in considering cellulose 
crystallinity as a key inhibitory factor affecting efficient hydrolysis, cellulose crystallinity 
played a role in enzyme adsorption that can be correlated with hydrolysis rates and yields. 
It has been reported that enzyme adoption, including complete glycosyl hydrolase system, 
cellulose binding module and individual enzyme components, declined as cellulose 
crystallinity increase. Increased hydrolysis rates and yields were shown to be related to 
the higher capacity of amorphous cellulose than crystalline part for enzymes.
79
 
Furthermore, it has been recognized that various crystalline allomorphs of cellulose have 
different effects on enzymatic hydrolysis.
80
 Comparison of the digestibility of amorphous 
cellulose and all four crystalline allomorphs (I, II, III and IV) indicated that the initial 
digestion rates were followed interesting order: amorphous > IIII > IVI > IIIII > I > II. 
Some interesting study also indicated that hydrolysis rate of cellulose II hydrate form was 
much faster than I and II because of its slightly (8.5%) expanded structure.
81
 The 
amorphous cellulose obtained 10-fold hydrolysis rate as that of cellulose I due to the 4-
fold higher gross specific surface area compared to the cellulose I.
82
 Study also found the 
enzymatic hydrolysis rate of alga cellulose and derived forms was in an order of IIII >> Iα 
> Iβ, which was attributed to the reduced crystallinity, lower packing density, and greater 
distances between hydrophobic surfaces of cellulose IIII than cellulose I. Moreover, 0.02 
Å shorter in the distance of hydrophobic surface along with smaller 4 Å
3
 in the volume of 




 An additional source of confusion is related to the measurement of 
cellulose crystallinity and structural alteration with various techniques, such as XRD, 
solid state 
13
C NMR, IR and Raman spectroscopy, based on different operating principles 
and different physical characteristics that generate various crystalline indices. These 
technique related variation in crystallinity can be further compounded by the necessity of 
sample preparation, the effect sample preparation has on crystallinity and new analysis 
methods such as using sum-frequency-generation vibration spectroscopy that selectively 




2.3.1.2 Cellulose DP Factor 
The degree of polymerization (DP) and molecular weight refer to the number of 
monomeric units in the cellulose chain. Although several studies have investigated the 
change in DP as a function of enzymatic hydrolysis with cellulose, its role is still under 
debate. However, the recognition required for the binding of cellulose components to 
cellulose chains is highly connected to the chain length. It has been found the greater the 
number of reducing ends in cellulose, the higher the rate of hydrolysis by exoglucanase 
is.
85
 When the focus is concentrated on the changes in cellulose DP before and after 
pretreatment and the effect of DP on enzymatic deconstruction of cellulose, it can be 
found shorter chains enable cellulose to be more amenable to enzymatic digestion due to 
the weaker hydrogen bonding network formation.
86
 Research focused on the enzymatic 
hydrolysis of organo-solv-pretreated softwood shows that similar to cellulose crystallinity, 
any single observed substrate characteristics including cellulose DP and fiber length have 
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little effect on cellulase adsorption and the following behavior of enzymatic hydrolysis, 
because synergistic effects must also be considered. 
 
2.3.1.3 Cellulose Accessibility Factor 
Cellulose accessibility to cellulase is limited by the structure of cellulose microfibrils. 
Crosslinking among chains of cellulose fibers that are further embedded in a matrix of 
hemicelluloses and lignin, provide extra rigidity in native plant cell walls but complexity 
for enzymatic digestion. The combination of cellulase size and shape with respect to the 
cell wall three-dimensional structure determines if the bonds in cellulose are accessible to 
enzymatic attack.
19b, 77
 Enzymatic hydrolysis of cellulose is believed to be a surface 
reaction, accessible surface area of cellulose for cellulase attack should be one of the 
most influential structural features of biomass that affect cellulase adsorption on the 
cellulose surface and subsequent enzymatic breakdown.
87
 Enzymatic available surface 
area is greatly related to biomass particle size, porosity, pore volume, cellulose de-
polymerization, and the relative amount of exposed hydrophilic crystalline cellulose faces. 
However, debate still exists in making the critical distinction among those factors. 
Particle size did little to account for the interior surface area in highly porous of 
biomass.
88
 The internal surface area of biomass has been estimated as much as 1 to 2 
orders of magnitude greater than the external surface area. External surface area is mainly 
described by particle size or diameter; however, specific surface area is also governed by 
the size of the lumen and capillaries as well as voids and cracks that are localized in the 
lignocellulosic matrix, existing on a wide length-scale from nano to millimeter.
24, 89
 
Moreover, the relative amount of exposed hydrophilic crystalline cellulose faces also 
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limit the enzyme accessible surface area that can be interpreted by the binding 
mechanisms of cellulase binding modules, which are driven by both chemical and 
structural recognition to cellulose crystallite surfaces, consistently attaching to the two 




There are several methods which can be used to determine the accessible surface area. 
The classic techniques to measure the specific surface area is the Brunauer–Emmett–
Teller (BET) method using nitrogen adsorption, but it requires prior drying of the 
substrate that makes it less effective due to water removal from non-rigid porous 
materials could produce partial irreversible collapse of pores.
91
 One direct method to 
measure the accessibility is monitoring the adsorption of fluorescently tagged 
carbohydrate-binding modules (CBMs); however, the presence of lignin can skew results 
due to non-specific binding. An alternative approach to examining pore size employs 
direct dyes, such as Simons’ stain as a potentially useful semi-quantitative method for 
estimating the total available surface area of lignocellulosic substrates.
92
 In addition, 
cellulose accessibility can be assessed by solute exclusion based on the accessibility of 
different sized solute molecules, such as differential scanning calorimetry (DSC) based 
on the principle that water contained inside pores has a lower freezing point than that of 






2.3.2 Hemicellulose Related Factors 
The enzymatic digestion of cellulose has been shown to significantly improve with 
hemicellulose removal, since hemicellulose is known to coat the cellulose microfibrils in 
the plant cell wall and form a physical barrier to access by enzymes.
94
 Removal of 
hemicellulose is also associated with the breakdown of the cross-linked polysaccharides 
and LCCs. It has been found the addition of hemicellulase during enzymatic digestion of 
pretreated biomass has been proved to substantially increase cellulose hydrolysis, 
because the hydrolysis of hemicelluloses consequently improved the access of cellulase 
to cellulose.
95
 Although it is still debatable if hemicellulose removal or the breakdown of 
the crosslinked network of polysaccharides and bonds among them is responsible for 
enhanced digestion of cellulose in pretreated substrates, it is much easier to remove from 
the cell wall and its removal seems to have less effect on the accessibility of cellulose 
than lignin removal. 
 
Acetyl group in hemicellulose has been considered as one of the inhibitory components 
to resist the enzyme hydrolysis. Hemicelluloses backbone is extensively acetylated with 
acetyl groups amounting to about 1 to 6 % of the biomass substrate depending on various 
plant species and origins.
96
 There is not much evidence as to if selective hemicellulose 
removal or deacetylation impact cellulase adsorption. However, research indeed found 
acetic acid pulp obtained by acetosolv delignification showed much poor enzymatic 
digestibility than organo-solv ethanol pulp because of the acetylation of cellulose during 
acetic acid delignification. In contrast, the remove of acetyl groups by saponification 
recovered the enzymatic hydrolysis of the pulp.
97
 Acetyl groups in pulp might restrict 
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cellulase accessibility to cellulose by inhibiting productive binding, which might be 
caused not only by increased diameter of cellulose that increases the steric hinderance of 
enzymes but also by increased changed hydrophobicity.
97
 Although cellulose digestion 
has been a major consideration for pretreatment design and optimization, significant 
portion of sugars from hemicellulose is also essential to maintain the hemicellulose in 
either a solid or soluble form during pretreatment to maximize sugar recovery for 
fermentation.   
 
2.3.3 Lignin Related Factors 
Lignin is one of the most important factor that limits the rate and extent of enzymatic 
hydrolysis of biomass due to its phenolic chemical structure and physical distribution.
98
 
Lignin not only reduces the accessibility of cellulose to enzymes by covering cellulose 
fibrils and restricting fiber swelling
99
 but also causes recalcitrance through chemical 





Direct physical contact between enzyme and substrate is essential during enzymatic 
hydrolysis. Diffusion of enzymes from the bulk aqueous solution to the substrate surface 
could be inhibited by irreversibly entrapping enzymes within the three dimensional 
matrix of lignin that significantly reduced the enzyme-cellulose interactions.
101
 Further, 
the removal of lignin increases the porosity of pretreated pulps and consequently 
improved enzymatic hydrolysis. Those pores created by removal of lignin and/or 




lignin barrier depends on the content of lignin, distribution, and macromolecular structure 
of lignin. Microscopic techniques reveal a range of lignin droplet morphologies as the 
temperature of a thermochemical pretreatment reaches above the range for lignin phase 
transition. This is because lignin was caused to coalesce into larger molten bodies that 
migrate within and out of plant cell wall, and can redeposit on the surface of cell wall.
103
 
Higher S/G (syringyl:guaiacyl) lignin ratios was found to result in higher sugar release 
after investigating the correlation between S/G ratio and the enzymatic hydrolysis 
efficiency among 47 extreme phenotypes of Populus trichocarpa trees.
104
 It is believed 
S-rich lignin features predominantly linear chains with less cross-links than G-rich lignin, 
because the latter have no C-5 occupied methoxyl groups. Therefore, more branched 
guaiacyl units in lignin are prone to distribute as a surface barrier restricting the swelling 
of the cellulosic substrate and reducing the accessible surface area to enzymes.
105
 Besides, 
LCCs has been shown to inhibit the availability of enzymatic hydrolysis of carbohydrates 
by limiting the action of CBH II, which attacked the cellulose chain from the non-
reducing ends that was occupied by LCCs linkages.
106
 The steric hindrance of various 
cross-links between lignin and polysaccharides is a non-negligible obstacle for the 
adsorption of enzymes. 
 
Decline of hydrolysis efficiency results also from the nonproductive adsorption of 
enzymes onto lignin preventing their access to carbohydrates. This adsorption is 
attributed to the hydrophobic interaction and/or ionic-type interaction.
107
 Hydrophobic 
interaction aggregates non-polar molecules together to reduce the surface area exposed to 
water and minimize the disruption of hydrogen bonds in solution. Furthermore, presence 
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of charged functional groups (e.g. COOH, OH) in both lignin and enzyme surfaces can 
build ionic-type lignin-enzyme interactions.
107b
 However, those negative charges formed 




In addition, soluble lignins were found to negatively affect microorganisms and enzymes 
due to phenolic compounds such as vanillin, syringaldehyde, trans-cinnamic acid and 
hydroxybensoic acid.
19b
 Study has found the mixture of Spezyme CP and Novozyme 188 
is largely inhibited by vanillin along with hydroxybenzoic acid.
109
 Acid containing 
soluble lignins p-coumaric acid and gallic acid exhibit 38 and 47 % degree of inhibition 
on the original activity of xylanase XynA, respectively.
110
 The formation of phenolic 






Pretreatment process in lignocellulosic biomass involves the structural breakdown of the 
cross-linked matrix of hemicelluloses and lignin, disrupting hydrogen bonds in crystalline 
cellulose, altering and redistributing structural components, increasing cellulose 
accessibility, and thereby resulting in the reduction of biomass recalcitrance for 
subsequent enzymatic hydrolysis. Although the pretreatment process is considered as one 
solution for producing lignocellulosic bioethanol with low costs and high productivity, 
there is no universal pretreatment process to date because of the complexity of various 
biomass feedstocks. A large number of pretreatment techniques have been investigated 
on a wide variety of feedstock types, which are typically divided into physical (grinding 
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and milling, microwave and extrusion), chemical (alkali, acid, organo-solv, ozonolysis 
and ionic liquid), physicochemical (steam explosion, liquid hot water, ammonia fiber 
explosion, wet oxidation and CO2 explosion) and biological applications (using 
microorganisms such as fungi can selectively degrade lignin and/or hemicellulose).
2, 112
 
Pretreatment methods have to be selected based on the substrate and the desired end-
product balancing with economic value. In this review, the selected cost-effective and 
leading pretreatment techniques are briefly discussed: dilute acid pretreatment, 
hydrothermal pretreatment, lime, and organo-solv pretreatment. 
 
2.4.1 Dilute Acid Pretreatment 
Dilute acid pretreatment (DAP) typically employs 0.4  2 % H2SO4 (or hydrochloric acid, 
nitric acid, phosphoric acid and peracetic acid) at temperature ranging from 160 to 220 
°C to significantly reduce lignocellulosic recalcitrance. DAP is one of the most important 
chemical pretreatment techniques because of its high sugar yields in enzymatic 
hydrolysis of cellulose along with hemicellulose solubilization and recovery. It has been 
successfully applied to a wide range of feedstocks, including softwoods, hardwoods, 
herbaceous crops, and agricultural residues.
113
  here are general two types of     
processes, including a high-temp (    160   ) continuous-flow process for low solids 
loadings (5  10 wt. ) and a low-temp (    160  ) batch process for high solids loadings 
(10  40 wt.  ).
20a
  The advantage of DAP is the solubilization of hemicelluloses and 
disruption of lignin structure, making the cellulose more easily accessible for the 
enzymes. There is however a risk on the formation of volatile degradation products 
114
 
and the pseudo-lignin that is generated from carbohydrates without significant 
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contribution from lignin during dilute acid pretreatment, especially under high severity 
pretreatment conditions.
115





Table 7 Summary of DAP conditions for different substrates. 
55f, 116
 
Substrate Acid Temperature 
(°C) 
Time (min) Cellulose conversion 
yield after cellulase 
treatment (%) 
Corn stover 2.0% H2SO4 121 120 75.6 
2.0% H3PO4 121 120 56.0 
Sugarcane bagasse 50.0% Peracetic acid 80 120 80.0 
Cotton stalk 2.0%  H2SO4 121 60 23.9 
Aspen 0.25% H2SO4 175 30 42.3 
1.10% H2SO4 170 30 88.0 
Switchgrass 0.50% H2SO4 175 40 26.3 
Sweet sorghum 
bagasse 
1.0% H2SO4 180 20 55 
 
In order to yield low inhibition compounds and hemicelluloses recovery, it is necessary to 
optimize the pretreatment condition which is mathematically represented as the combined 
severity factor 
94a
 (CS) calculated as: 
]75.14/)exp[(0 RH TTtR   
pHRCS  0loglog , 
where R0 is the severity factor, t is the reaction time in minutes, TH is the hydrolysis 
temperature in °C, and TR is a reference temperature. Xylan-rich hemicelluloses could be 




 It has been demonstrated that lower combined severity accumulates 
released xylan in the liquors in the form of xylose, whereas at higher combined severity 
the releases xylan is partially converted to furfural.
117
 Although DAP achieves high 
xylose conversion yields from xylan, undesired by-products such as furfural, formic acid, 
acetic acid, and uronic acid are inevitably formed from hemicelluloses under high 
severity conditions (Figure 21).
112a
 Besides, the re-polymerization (condensation) of 
lignin under DAP becomes more pronounced at higher combined severity factor. It has 
been observed that the formation of spherical droplets on the surface of residual plant cell 
wall during DAP at high temperature.
118
 Further studies also revealed that lignin becomes 
fluid and then coalesce to form droplets within the cell wall matrix when the lignin phase 
transition temperature is reached. The hydrostatic pressures within the cell wall layers 
force a fraction of this lignin to the outer face, which in turn contacts with the 
pretreatment bulk and deposits back onto the plant cell wall surface during DAP.
115, 119
 
Recently, Hu et al. found further rearrangements of furfural and/or HMF can produce 
aromatic compounds, and further polymerization and/or polycondensation reactions 
converted those aromatic compounds to pseudo-lignin. Therefore, the formation of 
pseudo-lignin during pretreatment is unfavorable because it comes from carbohydrate 
degradation and more importantly it could be detrimental to enzymatic hydrolysis of 
cellulose just like native lignin.
120
 Therefore, the following research strategy needs to be 
tailed to facilitate the hemicelluloses recovery and suppression of pseudo-lignin 
formation along with the largest enhancement of glucose sugar yields. 
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Figure 21  Proposed mechanisms of the formation of furfural and formic acid from 




Effect of DAP on cellulose feature changes has been investigated in order to discover the 
chemistry of cellulose before and after DAP. The reduction of molecular weight of 
cellulose caused by DAP is an acid-catalyzed and thermally accelerated chain scission 
mechanism.
30
 Study reveals that the reaction occurs within the fibril structure from within 
either a crystalline or amorphous region of cellulose. This process consists of two major 
stages, including an initial rapid hydrolysis of the more solvent accessible amorphous 
region, and a latter much slower hydrolytic attack of the crystalline portion.
121
 In terms of 
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crystallinity, many researchers have found that DAP caused an increase in crystallinity 
index (CrI), which could result from hydrolyzation of cellulose and subsequent 
solubilization of glucose. In general, the crystallinity of cellulose increases throughout 
the process of DAP as summarized in Table 8.
30-31, 35b, 49b, 116f, 122
 Para-crystalline content 
of cellulose from poplar and switchgrass was observed to increase during DAP by solid-
state 
13
C CP/MAS NMR studies, which suggests that the increase in crystallinity and 
para-crystalline percentage could be primarily attributed to localized hydrolyzation and 
removal of amorphous cellulose. The more solvent accessible amorphous regions are 
more prone to degradation during pretreatment at higher temperature because cellulose 
hydrolysis is thermally accelerated.
30
 In addition, hydrothermal conditions in DAP could 
promote cellulose annealing of cellulose Iα into cellulose Iβ crystal, which is due to the 
metastable properties of the triclinic one-chain crystal structure of cellulose Iα.
123
  
Sannigrahi et al. have observed a large increase in the relative proportion of cellulose Iβ 
accompanied by a decrease in the relative proportions of both cellulose Iα and para-
crystalline region during DAP. This suggests that cellulose crystalline allomorphs could 











Table 8 Crystallinity index (CrI) before and after DAP for various substrates.
30-31, 35b, 49b, 
116f, 122
 
Biomass CrI (%) before DAP CrI (%) after DAP 
Poplar 49.9 70.5 
Corn stover 50.3 52.5 
Loblolly pine 62.5 69.9 
Sugarcane bagasse 42.6 63.0 
Rice Straw 57.0 65.0 
Switchgrass 44.0 52.0 
 
2.4.2 Hydrothermal Pretreatment 
Hydrothermal pretreatment also called auto-hydrolysis or hot water pretreatment (e.g., 
160-260 °C corresponding pressure 0.69-4.83 MPa for several seconds to a few minutes) 
is another promising pretreatment process due to several potential advantages including 
no requirement for catalysts, no corrosion of the equipment and low yield of the 
inhibition compounds.
8
 Under hydrothermal condition water acts as a weak acid and 
releases the hydronium ion that further depolymerizes hemicelluloses by selective 
hydrolysis of glycosidic linkages, liberating O-acetyl group and other acid moieties from 
hemicellulose to form acetic and uronic acids. Further hydrolysis reaction occurs by those 
organic acids generated from functional groups associated with hemicelluloses at high 
temperature, and thereby results in the breakdown of more glycosidic linkages in 
hemicelluloses and the β-O-4 ether bonds in lignin, solubilizing in liquid fraction. 
Hydrothermal pretreatment can be performed in co-current, countercurrent or flow-
through reactors, of which co-current process heats the water-lignocellulosics slurry to 
pretreatment conditions during the required residence time, the countercurrent process 
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allows the water and lignocellulosics flow in the opposite directions, and the flow-
through process allows hot water flows through a stationary bed of lignocellulosics.
124
  
This alternative processes offer some additional advantages such as higher ethanol yields 
with lower enzyme dosages during subsequent enzymatic cellulose hydrolysis. Table 9 


















188  (IU/g) 
Wheat straw 95.8 in 72 h 200 °C, 40 min 15  15 
87.5 in 72 h 195 °C, 20 min 15 15 
81.2 in 72 h 195 °C, 40 min 15  15 
Switch-grass 77.4 in 48 h 200 °C, 10 min 49  40 
 
2.4.3 Lime Pretreatment 
Alkaline pretreatments have drawn much attention as another major chemical 
pretreatment technique besides DAP, because the whole process is normally a 
delignification process and more effective on hardwoods, herbaceous crops and 
agricultural residues with relatively lower lignin content.
126
 The efficiencies heavily 
depend on the reaction temperature, pretreatment time, and alkali loading. In addition to 
its limitations such as the conversion of alkali into slats and capital cost of recycling 
alkali, there are multiple process advantages including lower action temperatures and 





Lime is one of the major chemicals applied to alkaline pretreatment of lignocellulosics 
because it is inexpensive and easier recovery by using carbonated wash water.
127
 The 
general process of lime pretreatment involves slurrying the lime with water, spraying it 
into the biomass material and storing the material in a pile for a period of hours to weeks 
based on various temperatures applied. Lime has been proven to successfully increase 
cellulose conversion yield of lignocellulosics and it works remarkably better than sodium 
hydroxide as summarized in Table 10.
128
 The enzymatic hydrolysis of lime-pretreated 
biomass is affected by structural features resulting from the treatment,
129
 including the 
extents of acetylation, lignifications and crystallization as summarized in Table 11.
31a, 116e
 
Chang et al. have investigated the correlations between enzymatic hydrolysis and 
structural factors and reported that high digestibility can be obtained by extensive 
delignification as a result of lime pretreatment; initial hydrolysis rates can be affected by 
crystallinity but with less effect on ultimate sugar yields; delignification and 
deacetylation can remove parallel barriers to enzymatic hydrolysis.
130
 This indicates lime 
pretreatment can play a significant role in increasing access to the remaining 
polysaccharides and eliminating the nonproductive adsorption of cellulases by removing 
all of the acetyl groups with reduction of lignin content. 
 





Pretreatment conditions Cellulose conversion yield 
after cellulase treatment (%) 
Corn stover 55 °C, 0.073g Ca(OH)2/g raw biomass, 4 weeks 98 in 96h 
Corn stover 120 °C, 0.075g Ca(OH)2/g dry biomass, 4h 88.0 in 7 days 
Switchgrass 120 °C 0.1g Ca(OH)2/g dry biomass, 2h 60 in 72 h 
Jatropha curcas 100 C, 0.1g Ca(OH)2/g raw biomass 68.9 in 48h 
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Pretreatment conditions CrI (%) before 
pretreatment 




121 °C, 1.5% lime, 1 hr 71.4 62.3 
Poplar 65 °C, 0.5:1 Ca(OH)2 to 
biomass, 4 weeks 
49.9 54.5 
Corn stover 55 °C, 0.5:1 Ca(OH)2 to 
biomass, 4 weeks 
50.3 56.2 
 
2.4.4 Organo-solv Pretreatment 
Organo-solv pretreatment refers to the process to treat lignocellulosic feedstocks in 
organic solvents (e.g. methanol, ethanol, acetone, ethylene glycol, triethylene glycol and 
tetrahydrofurfuryl alcohol) with/without added catalysts (e.g. HCl, H2SO4, oxalic acid, 
acetylsalicylic acid and salicylic acid) in temperature ranging from 100 to 250 °C.
131
 The 
organo-solv process involves simultaneous prehydrolysis and delignification of 
lignocellulosic biomass with the help of organic solvents and acidic solutions. It removes 
extensive lignin and hemicelluloses, and thereby increases accessible surface area and 
pore volume. The main reaction involved in lignin degradation and dissolution is the 
hydrolysis of the internal bonds in lignins as well as lignin-carbohydrates bonds, such as 
4-O-methyglucuronic acid ester bonds to the α-carbons of the lignin unites.
132
 The 
disruption of cellulose along with the de-polymerization and change in cellulose 
crystallinity strongly depends on the species of organic solvents, concentration and 
temperature.
86b, 133
 However, organic solvent need to be separated due to its inhibition 
role at downstream enzymatic cellulose hydrolysis and can be reused due to the high 
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commercial price of solvents. Table 12 summarizes cellulose conversion of various 




Table 12 Organo-solv pretreatment results for different substrates.
133-134
 








188  (IU/g) 
Poplar 180°C, 1.25% H2SO4, 50% 
ethanol, 60min 
20 40 93 in 24 h 
97 in 48 h 
Switchgrass 180°C, 3:1 (v/v) 
ethanol/water ratio, 0.99% 
(w/w) H2SO4, 60min 
20 40 ~70 in 8 h 
~98 in 72 h 
Miscanthus 170°C, 0.8 ethanol/water 
ratio, 0.5% (w/w) H2SO4, 
60min 
20 40 98 in 48 h 
Loblolly 
pine 
170°C, 65% ethanol, 1.1% 
H2SO4, 60min 
8 16 70 in 80 h 
Olive tree 180°C, 43% ethanol, 
15min 
15 15 89.6 in 72 h 
  
2.5 Lignocellulosic Biomass for Biomaterials 
In addition to the biofuel production from plant cellulose and hemicellulose, manufacture 
of biomaterials from lignocellulosic biomass is also essential to the functioning of 
industrial societies and critical to the development of a sustainable global economy. 
Although wood and paper products have already played an important role in the 
evolution of civilization, there is increasing interest in the improvement of the quality and 
manufacturing efficiency of high performance lignocellulosic composites. As main 
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biopolymers in plant cell wall, cellulose and hemicellulose along with their derivatives 
such as cellulose esters, silyl celluloses, cellulose sulfonates, aminocelluloses, cellulose 
nanowhiskers, have been widely and successfully applied to the practical products 
including novel film, foam, coating systems membranes, pharmaceuticals, cosmetics, and 
food.
135
 However, lignin as the second most abundant biopolymer on earth after cellulose 
is still underutilized in related fuel and material projects.
57
 Although lignin combustion 
helps the papermaking chemical recovery process, as a fuel it is very inefficient, 
processing less than ¼ as much energy per pound as middle distillate fuels.
136
  Therefore, 
new processes are needed to generate value-added products from lignin. In this review, 
the lignin will be briefly discussed in the manufacturing of high performance carbon fiber.  
 
2.5.1 Practical Lignin Isolation from Lignocellulosic Biomass 
There are several practical methods for isolating lignin from biomass for large-scale 
utilization. Chemical pulping processes (sulfite and Kraft processes) produce 
lignosulfonate and Kraft lignin in the cooking liquor as residue in order to obtain the 
polysaccharide component and/or produce plant fiber with uniform characteristics. 
Furthermore, ethanol organo-solv lignin (EOL) acquired during pretreatment is also one 
of the most promising future lignin resources.
21a
 The lignin isolated by known methods 
(physical, chemical or enzymatic treatments) is a mixture of degraded or solubilized 
lignin from various morphological regions, which inevitably altered the chemical 
structure of lignin to different extents compared with native lignin. 
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2.5.1.1 Lignin from Kraft Pulping 
The purpose of wood pulping is to remove lignin from woody and/or non-woody biomass 
with plant fiber left for paper production. The pulp and paper industry has probably the 
highest quantity of underutilized lignin in the form of black liquor (BL) with worldwide 
production reaching 50 million tons.
63b, 137
 As the most dominant chemical pulping 
technique, Kraft pulping employs high pH and considerable amounts of aqueous sodium 
hydroxide and sodium sulfide to treat biomass (mostly wood chips) at an elevated 
temperature around 170 ºC for about 2 h.
138
 Afterwards, Kraft lignin is precipitated and 
isolated from the black liquor by acidification process, including initial precipitation as a 
sodium salt by reducing pH of liquor to 9-10 with carbon dioxide followed by a second 
purification step (e.g. suspending lignin in water and acidifying with H2SO4 to a pH 
lower than 3).
139
 Alkaline pulping chemicals (OH ,̄ SH )̄ could act as Bronsted bases 
initiating internal rearrangements that result in quinone methides and epoxides by internal 
nucleophilic reactions from neighboring hydroxyls, which are in turn prone to external 
nucleophilic attack. β-5 and β-O-4 structures can undergo reverse aldol reaction during 
Kraft pulping in case γ-OH is present, resulting in the formation of stilbene and enol-
ether structures respectively that are recalcitrant to pulping.
63a, 64, 137, 140
 As a result, the 
extensive cleavage of β-O-4 structures in Kraft pulping process yields a large number of 
phenolic end-groups in the dissolved lignin with the concomitant formation of partially 
degraded and partially modified side chains accompanied with a small amount of 
oxygenated carbons compared with native lignin as shown in Figure 22.
63a, 137, 140-141
 As a 
dark-colored and water- and solvent-insoluble product, Kraft lignin can dissolve in alkali 
due to its high concentration of phenolic hydroxyl groups with a small number of 
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aliphatic thiol groups that give the isolated lignin a characteristic odor. Study on Kraft 
pine lignin reveals that its initial degradation occurs at temperature above 120°C, 
involving bond fragmentation in the phenyl propane side chains as evidenced by the 





Figure 22 Functional groups in spruce MWL and in the residual and dissolved Kraft 
lignins. 
54a, 119, 122-123 
 
2.5.1.2 Lignin from Organo-solv Pretreatment 
As discussed in pretreatments part above, one role of organo-solv pretreatment in the 
conversion of biomass to biofuels (e.g. bioethanol) is to decrease hemicellulose and 
lignin content leaving cellulose more accessible. During pretreatment the hydrolyzed 
lignin is extracted into the organophilic phase then recovered as the filtrate, leaving the 
cellulose recovered as the solid residue and the hemicellulose in the water-soluble 
fraction as monomeric and oligomeric sugars.
143
 The predominant substructures in lignin 













































MWL Residual Kraft lignin Dissolved Kraft lignin
 56 
catalyzed cleavage of those ether linkages that is less than starting material.
62d, 73a
 In-
depth NMR analysis of ethanol organo-solv lignin (EOL) from loblolly pine showed that 
aromatic C-C bonds increase significantly, while the number of aromatic C-H bonds all 
decrease (C-6, C-5 and C-2), suggesting a more substituted lignin than native lignin as 
summarized in Figure 23.
73a
 Moreover, comparing to other isolation methods, EOL is 
usually a high-purity, low molecular weight, narrow polydispersity, less condensed, 
sulfur free, and low ash content product with relatively narrow molecular weight 













































Isolation method Substrates Mw (g/mol) polydispersity Tg (ºC) 
Milled wood Pine 11400 8.8 160 
Kraft Pine 4300 3.3 169 
Organo-solv Pine 1400 2.8 91 
Acid Hydrolysis Pine 40000 50 96 
Organo-solv Aspen 2100 3.5 97 
Acid Hydrolysis Aspen 10100 15.3 95 
Steam Explosion Aspen 2300 2.9 139 
Milled wood and enzyme Poplar 36000 4.1 171 
Organo-solv Poplar 1093 1.93 119-141 
 
2.5.2 Lignin for Carbon Fibers 
Lignin is the only large-volume renewable feedstock that is composed of aromatics.
145
 
Although very little of the effort focusing on converting lignin to commercial chemicals, 
materials, and fuels, the global development of energy-efficient light-weight vehicles as a 
promising lignin product platform draws more attention due to lignin’s advantages over 
other precursors (e.g. polyacrylonitrile, pitches), including inexpensive and renewable 
sources, oxidative thermostabilization at potentially much higher rates than 
polyacrylonitrile.
57, 146
 In the process of manufacturing carbon fiber from lignin, key steps 
contain preparation of a suitable lignin that is melt-spun into fiber under an inert 
atmosphere, fiber spinning and extrusion, thermostabilization and carbonization. The 
integrity of lignin during thermostabilization depends on its crosslinking capability in 
order to maintain the glass transition temperature Tg above the process temperature to 
thereby keep lignin fiber infusible. In the melt-spinning step lignin needs to be prepared 
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with a proper low-melt-flow temperature for melting spun without polymerization during 
extrusion, but a higher Tg for fiber stabilization to process at an acceptable rate.  
 
Earlier study starting from 1960s developed several methods of forming fiber from lignin, 
including hardwood kraft, softwood kraft, and alkali softwood lignins, by both melt-
spinning and dry spinning to produce carbon fiber, graphite fiber, and activated carbon 
fibers with tensile strength less than 1.0 GPa  and diameter in the range of 10-40 µm.
147
 
Recently, there are several studies investigating the production of carbon fibers from 
lignin directed towards improving the melt-spinning of fiber and their conversion to 
carbon fiber at low cost, such as production of lignin carbon fiber without additives or 
chemical modifications before extrusion, co-extrusion and/or chemical modification of 
lignin carbon fiber before extrusion, manufacture of submicron carbon fibers from lignin. 
Kadla et al. carried out preparation of carbon fiber from three types of lignin (e.g. organo-
solv kraft lignin, softwood kraft lignin and hardwood kraft lignin) under desalting process 
prior to extrusion, and found hardwood lignins were readily melt spun into fiber, but 
softwood lignin had low thermal stability and therefore crosslinked during extrusion. 
Alcell lignin gave fibers with strength of 0.388 GPa, 40 GPa modulus, 1.00% 
extensibility and 41.8% yield, and hardwood kraft lignin gave fiber with 0.422 GPa 
strength, 40 GPa modulus, 1.12% extensibility  and 48.1% yield.
136
 Although carbon 
fiber from subsequent lignin-polymer blends were not suitable for high-performance 
application, this research provided a straightforward access to activated carbon fibers.
148
 
Later studies focused on addressing the quality of lignin precursor and its purification, 
giving lignin-PET (polyethylene terephthalate) blend fibers up to 1.03 GPa tensile 
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strength with a Young’s modulus 109 G a.
149
 More recently, a growing interest in 
preparing carbon fiber derives from lignin nanocomposite fibers with better mechanical 
properties compared to pure lignin fibers. Baker et al. explored the possibility of using 
carbon nanotubes to enhance the strength, modulus, electrical conductivity and thermal 
conductivity, of various lignins used to manufacture carbon fiber and revealed that the 
carbon nanotubes (multiwall) could be added in quantities as high as 15 wt % before 
fibers could not be melt-spun.
150
 Eberle also reported a tensile strength of 1.2 GPa and a 
Young’s modulus of 83 G a for a carbon fiber prepared from softwood lignin.
151
 Further 
studies have examined the possibility of lignocellulosic and liquid wood precursors, and 
suggested a novel process to polymerize liquid wood with addition of 
hexamethylenetetramine by soaking the extruded fibers in a solution containing 
formaldehyde and hydrochloric acid, giving the carbon fiber tensile strength of 1.7 GPa 
and modulus of 176 GPa.
152
 The electrospinning of lignin to manufacture carbon 
nanofibers caused much interest, since they have great potential for use in separation, 
energy storage, and structural composite application because of their relatively high 
strengths, high specific areas and the ease of imparting morphological and chemical 
functionality.
153
 For example, Hosseinaei and Baker used purified softwood kraft lignin 
by solvent extraction prior to electrospinning that gave a high Tg lignin (185°C) 
facilitating the electrospinning, oxidative thermostabilization and carbonization for 






The nature of lignin as well as the isolation method applied largely defines the properties 
of carbon fiber. In order to obtain high quality carbon fiber, lignin needs to be improved 
in several aspects, such as higher purity, lower softening temperature (Ts) at which liquid 
flow is observed under low shear, higher Tg to allow lignin fibers to undergo oxidative 
thermostabilization, and narrow molecular weight distribution to facilitate the uniform 
growth in molecular weight during oxidative thermostabilization that pave the way for 
uniform structure during carbonization. Structural analysis on the lignin carbon fiber has 
been carried out to understand the alternation of lignin biopolymer during various 
processes. The formation of rigid oxidized segments during thermal treatment of lignin 
was accompanied by an ordered structure formed at low temperatures (from 600 ºC) as a 
result of the better mobility of the smaller molecules.
155
 Study also revealed more details 
about the structural changes in thermostabilization, including the increased oxygen 
content and the formation of carbonyl and carboxyl groups at heating rates of 0.11 to 1.0 
K min
-1
, which was followed by the formation of more C-C bonds at higher temperatures 
with decrease in the number of aromatic protons. An optimum heating rate could be 
predicted for the investigated lignin from a continuous heating transformation 
diagram.
155b
 Foston et al. used NMR spectroscopy to monitor the structural changes 
occurring to hardwood Alcell lignin as a result of fiber devolatilization/extrusion, 
oxidative thermo-stabilization and carbonization, and found that demethoxylation and the 
appearance of carbonyl and carboxyl structures during stabilization, which were 
presumed to be formed by the generation of ester and anhydride groups through 
crosslinking reactions. A lower number of carbonyl and carboxyl structures were also 
observed at higher temperatures, but with the increase in the fractions of uncondensed 
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and condensed aryl carbon atoms.
156
 This structural information can be used to not only 
improve processing conditions but also understand how the resulting structures in the 
carbon fiber may enhance the mechanical properties of lignin based composites. New 
chemical modifications of lignin and/or innovative biosynthesis strategies are needed to 
produce linear-fiber-forming lignin with controlled monomer ratios and chemical 
architectures that facilitate rapid chemical transformation to infusible mass and formation 






CHAPTER 3  
EXPERIMENTAL MATERIALS AND PROCEDURES 
 
3.1 Materials 
3.1.1 Chemicals and Materials 
All chemicals were purchased either from Sigma-Aldrich (St. Louis, MO) or VWR (West 
Chester, PA), and used as received. All gases were purchased from Airgas (Radnor 
Township, PA). G8 glass fiber filter for carbohydrate analysis was purchased from 
Thermo Fisher Scientific (Madison, WI). Plastic pouch for holocellulose pulping was 
purchased from Kapak Corporation (Minneapolis, MN).  ellulase ( ccellerase™ 1500, 
Lot number: 1681198062) and xylanase (Accellerase XY, Lot number: 4901131618) 
were generously provided by DuPont Industrial Biosciences (Palo Alto, California, 
United States). 
 
3.1.2 Biomass Substrate 
Hybrid poplar (Populus trichocarpa x deltoides) for biofuels research was obtained from 
Oakridge National Laboratory, TN. Logs were debarked, split with an axe, chipped (Yard 
Machines 10HP, MTD Products Inc., Cleveland, OH), and knife milled (Model 4 Wiley 
Mill, Thomas Scientific, Swedesboro, NJ) through a 1 mm screen size; all of these 
operations were performed at NREL. After one month of air-drying at NREL, the chips 
had a moisture content of approximately 5 wt%. The material was further milled through 
a 0.841- 0.177 mm screen to produce particles with diameters of 0.18 mm to 0.85 mm 
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(Thomas-Wiley Laboratory Mill Model 4, Arthur H. Thomas Company, Philadelphia, PA) 
before being shipped to Georgia Tech. Alamo switchgrass for biofuel research was 
provided as a courtesy by University of Georgia.
125c
 Fresh poplar stem was pre-dried in 
vacuum oven at 40 °C overnight prior to milling. Dried poplar stem was milled using 
Thomas-Wiley Laboratory Mill machine and was simultaneously sieved through a 20-80 
mesh screen. Milled poplar sample was stored at -20 °C for further treatments. The 
switchgrass samples were air-dried until the moisture content was less than 10% of dry 
weight, and ground in a Wiley mill to pass through a 0.841 mm screen. Samples were 
then additionally sieved to achieve a final particle size between 0.297 mm and 0.707 mm 
screened and stored at room temperature.  
 
For the study on lignin carbon fiber, three-year-old black cottonwood (Populus 
trichocarpa) clones harvested from a Genome-wide Association Study at Clatskanie, OR 
were harvested in December, 2012, cut into ~50 cm logs and shipped to ORNL, where 
they were dried for 2 weeks at 70 °C. Logs were then debarked with an axe and an angle 
grinder, with logs then chipped to ~1-3 cm pieces in a commercial chipper.  
 
3.2 Experimental Procedures 
3.2.1 Soxhlet Extraction 
Extractive-free poplar and switchgrass were prepared with sequential 5 h Soxhlet 
extractions according to TAPPI method T 204 cm-07. Extractives for both the cross 
sectioned and milled samples were removed by placing the samples (5.00 g of dry weight) 
into an extraction thimble in a Soxhlet apparatus. The extraction flask was filled with 1:2 
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ethanol/benzene mixture (~300 mL), dichloromethane, and then refluxed with boiling 
rate of five solvent cycles per hour.  The extractive-free solids were air dried overnight. 
 
3.2.2 Poplar Samples under Partial Delignification and Dilute Acid Pretreatment 
Poplar samples were size-reduced in a Wiley mill (Thomas Scientific, Swedesboro, NJ, 
United States) using a 0.250 to 0.177 mm screen. Extractives were subsequently removed 
by placing the biomass into an extraction thimble in a Soxhlet extraction apparatus 
(VWR, West Chester, PA, United States). The extraction flask was filled with 1:2 
ethanol:benzene mixture (Sigma-Aldrich (St. Louis, MO, United States) (approximately 
150 mL in total) and then refluxed at a boiling rate which cycled the biomass for at least 
24 extractions over a 4 hour period (PL23-t0). Modified acid-chlorite delignification was 
used to reduce lignin content. Samples were generated by exposure of extracted baseline 
poplar to NaClO2 (0.6 g/1.00 g lignocellulosic dry solids) in acetic acid (375 mL of 0.14 
M) (Sigma-Aldrich (St. Louis, MO, United States) at 70 °C for about 15 minutes, 
followed by a further 30 minutes to generate solids with 19.2 and 14.3% Klason lignin 
content (sample labeled as PL19-t0 and PL14-t0, respectively, shown in Table 14). The 
native sample without any lignin removal and delignified samples with Klason lignin 
content 19.2 and 14.3 % were subjected to DAP under the same conditions. Poplar 
samples were transferred to a 4560 mini-Parr 300 ml pressure reactor (Parr Instrument 
Company, Moline, IL, United States) with 0.1 M H2SO4 solutions at 5% dry solids and 
were then sealed. The impeller speed was set to about 100 rpm, and the vessel was heated 
to 160 °C for 25 to 30 minutes (at approximately 6 °C/min). The reactor was held at the 
pretreatment temperature ± 2 °C (approximately 0.65 to 0.69 MPa) for the specified 
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residence time ± 30 seconds (15 or 35 minutes). The reactor was then quenched in an ice 
bath for approximately 5 minutes. The pretreated slurry was filtered to remove the solid 
material and washed with an excess of deionized filtered water. The pretreated 
lignocellulosic samples were dried in the fume hood overnight. All yields for biomass 
recovered after pretreatment ranged between 75 and 85% by mass. Poplar samples under 
delignification and DAP at various conditions are summarized in Table 14. 
 
Table 14 Pretreatment methods and conditions of poplar. 
Sample 
Code 
Poplar Sample Starting% 
Klason Lignin 
Pretreatment Conditions 
PL23-t0 Native 23.2  
PL23-t15 Dilute acid pretreated 23.2 0.1 M H2SO4,160°C, 15 min 
PL23-t35 Dilute acid pretreated 23.2 0.1 M H2SO4,160°C, 35 min 
PL19-t0 Delignified 19.2  
PL19-t15 Delignified then dilute acid pretreated 19.2 0.1 M H2SO4,160°C, 15 min 
PL19-t35 Delignified then dilute acid pretreated 19.2 0.1 M H2SO4,160°C, 35 min 
PL14-t0 Delignified 14.3  
PL14-t15 Delignified then dilute acid pretreated 14.3 0.1 M H2SO4,160°C, 15 min 
PL14-t35 Delignified then dilute acid pretreated 14.3 0.1 M H2SO4,160°C, 35 min 
 
3.2.3 Various Pretreatments 
The same poplar material used in section 3.2.2 was transferred to a 4560 mini-Parr 300 
ml pressure reactor with a pretreating solution prepared as described in Table 15 at 5.0 % 
dry solids and then sealed. The impeller speed was set to about 100 rpm, and the vessel 
was heated to a temperature as described in Table 15 over ~ 25 – 30 min (at ~ 6 ºC/min). 
The reactor was held at the pretreatment temperature ± 2 ºC (120 – 160 ºC; ~ 0.65 – 0.69 
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MPa) for the specified residence time ± 30 s. The reactor was then quenched in an ice 
bath (~ 5 min). Pretreatment conditions were adapted from literature which investigated 
optimal pretreatment conditions.
31a, 113a, 128a
 The pretreated slurry was filtered to remove 
the solid material and washed with an excess of deionized (DI) filtered water. 
Paramagnetic impurities were removed by washing the solids with a 2 % aqueous 
solution of ethylenediaminetetraacetic acid (EDTA) and DI water. The pretreated 
lignocellulosic samples were then dried in the fume hood overnight. All gravimetric 
yields for biomass recovered after pretreatment ranged between 75–85 %.   
 
Table 15 Various pretreatments conducted on hybrid poplar. 
Pretreatment  Reagents  
Residence 





Hot Water H2O 5, 10, 60 160 5 
Dilute Acid 0.1 M H2SO4  5, 10, 60 160 5 
Dilute Acid/Ox 0.1 M H2SO4, 0.55 MPa of O2 5, 10, 60 160 5 
Organo-Solv 0.02 M H2SO4, 65 % Ethanol / Water  5, 10, 60 160 5 
Lime 0.1 M Ca(OH)2  5, 10, 60 120 5 
Lime/Ox 0.1 M Ca(OH)2, 0.55 MPa of O2  5, 10, 60 120 5 
 
 
3.2.4 Cellulose Preparation for GPC 
Isolated α-cellulose was generated by first isolating holocellulose from milled biomass 
pulp using the method described above. Isolated cellulose was prepared from the 
holocellulose sample (1.00 g) by extraction with a 17.5% NaOH solution (50 mL) at 
25°C for 30 minutes. A total of 50 mL of deionized filtered water was then added to the 
NaOH solution. The extraction was continued with the 8.75% NaOH solution (100 mL) 
at 25   for an additional 30 minutes.  he isolated α-cellulose samples were then 
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collected by filtration and rinsed with 50 mL of 1% acetic acid, an excess of deionized 
filtered water, and dried in fume hood. 
 
3.2.5 Cellulose Preparation for CP/MAS 13C NMR 
In order to compare cellulose ultrastructural changes during various pretreatments, 
cellulose from various pretreated poplar samples was isolated and purified for solid state 
CP/MAS 
13
C NMR analysis. Holocellulose was first isolated from pretreated poplar 
samples by treatment with NaClO2 (1.30 g/1.00 g lignocellulosic dry solids) in acetic acid 
(375.00 mL of 0.14 M) at 70 ºC for 2 h. The samples were then collected by filtration and 
rinsed with an excess of DI water. Isolated cellulose was prepared from the holocellulose 
sample (1.00 g) by refluxing with HCl (100.0 mL of 2.50 M) as reported by Foston.
30
 The 
isolated cellulose samples were then collected by filtration and rinsed with an excess of 
DI filtered water, and air dried. Illustration of the procedure is shown in Figure 24. 
 
 
 Figure 24 Illustration of cellulose sample preparation for NMR test. 
 
3.2.6 Enzymatic Isolation of Lignin 
Poplar used in this study was provided by Oak Ridge National Laboratory, TN. Alamo 
switchgrass was provided as a courtesy by University of Georgia.
125c
 Cellulolytic enzyme 
lignins of poplar and switchgrass were isolated by modifying the procedures described in 
4h refluxing with HCl, 
filtration, rinsing and air dry 
2h treatment with 
NaClO2 + CH3COOH 
Filtration, rinsing & 












 Poplar and switchgrass biomass was ball-milled for 7 days after Soxhlet 
extraction with dichloromethane, those extractives-free ball-milled materials were then 
subjected to two consecutive rounds of enzymatic hydrolysis. Biomass (15g/L) was 
suspended in 20 mM, pH 5.0 sodium acetate buffer solution containing 2 mg/mL 
CELLULYSIN
®
 cellulase (Calbiochem, Trichoderma viride, activity : > 10000.0 U/g) for 
48 h at 50 °C shaken at a frequency of 150 rpm. Following hydrolysis, the residue was 
collected by centrifugation, washed with distilled water, centrifuged and freeze-dried. 
The freeze-dried residue was then subjected to two rounds of extraction with 
dioxane/water (96:4, v/v, 10 ml/g biomass) under a nitrogen atmosphere for 24 h. After 
extraction, the supernatant was collected, combined, concentrated, precipitated in water 
and freeze-dried. 
 
3.2.7 Dilute Acid Pretreatment of Cellulolytic Enzyme Lignins 
Poplar and switchgrass cellulolytic enzyme lignins were transferred to a 4560 mini-Parr 
300 ml pressure reactor at 5.0 % dry solids in 0.1 M H2SO4 solution and then sealed. The 
impeller speed was set to about 100 rpm, and the vessel was heated to the temperature 
160°C over 25–30 min (at 6 °C/min). The reactor was held at the pretreatment 
temperature ±2 °C (160 °C; 0.65–0.69 MPa) for the specified residence time ± 30 s. The 
reactor was then quenched in an ice bath (5 min).
158
 Following DAP, aqueous phase was 
extracted with ethyl acetate, dried with anhydrous MgSO4, concentrated with rotary 
evaporator and combined with solid lignin residues. 
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3.2.8 Lignin Isolation for Carbon Fiber Study 
A small amount of the poplar chips (as described in 3.1.2) were ground to 0.420 mm and 
the powder samples were analyzed by pyrolysis molecular-beam mass spectrometry (py-
MBMS) to determine the S/G ratio. Five trees with S/G ratio ranging from 1.43 to 2.27 
were selected to perform organo-solv fractionation process. Poplar clone identification 
codes for selected samples are shown in Table 16. The chemical compositions of the 
samples were analyzed by following procedures developed by National Renewable 
Energy Laboratory (NREL/TP-510-4268 and NREL/TP-510-42622). The ash, 
extractives, cellulose, hemicellulose, and lignin content are summarized in Table 16. The 
selected hybrid poplar wood chips were sieved and particles with size larger than 2.36 
mm were placed in a flow through reactor and heated with a mixture of methyl isobutyl 
ketone/ ethanol/water (16/34/50 wt%) in presence of sulfuric acid (0.05 M).
159
 The 
organo-solv fractionation process was carried out at 140 °C for 120 min or 160 °C for 60 
min. The combined severity factor (Ro’) of the fractionation, which combines the effects 




                                                   Ro’=Log Ro- pH                                        
                                                   Ro = (t) (exp (Tr-Tb)/14.75)                               
Where t represents fractionation time in minutes; Tr is the fractionation temperature in 
o
C; 
Tb is the baseline temperature, mostly at 100 
o
C. After organo-solv process, lignin was 







Table 16 The S/G (syringyl/guaiacyl) ratio and chemical composition of hybrid poplar 
wood. 
Biomass ID S/G FC Se Ce Hm L A E 
TAG750 
 
















































S/G: S/G by MBMS, FC: Fractionation conditions, Se: Severity, Ce: Cellulose, Hm : 
Hemicellulose, L: Lignin, A: Ash, E: Extractives. 
 
3.3 Analytical Procedures 
3.3.1 Carbohydrate and Acid-insoluble Lignin (Klason Lignin) Analysis 
In order to monitor biomass composition change as a result of pretreatments and calculate 
the sugar conversion from enzymatic hydrolysis, carbohydrate and Klason lignin analysis 
were carried out based on methods described in Tappi T-249.
162
 The first stage utilizes a 
severe pH and a low reaction temperature (72 vol. % H2SO4 at 30 °C for 1 h). The second 
stage is performed at much lower acid concentration and higher temperature (3 vol. % 
H2SO4 at 121 °C for 1 h) in an autoclave. The resulting solution was cooled to room 
temperature and filtered using G8 glass fiber filter (Fisher Scientific, USA). The 
remaining residue is considered as Klason lignin which was oven-dried and weighed to 
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obtain the Klason lignin content. The filtered solution was analyzed for carbohydrate 
constituents of the hydrolyzed poplar samples determined by high-performance anion-
exchange chromatography with pulsed amperometric detection (HPAEC-PAD) using 
Dionex ICS-3000 (Dionex Corp., USA). Error analysis was conducted by performing 
carbohydrate and Klason lignin analysis three times on the untreated and pretreated 
biomass samples. 
 
3.3.2 Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) 
Spectroscopy Analysis 
PerkinElmer Spectrum 100 FTIR spectrometer with a universal attenuated total 
reflectance (ATR) sampling accessory (Perkin-Elmer Inc., Wellesley, MA, United States) 
was used to monitor the structural changes in biomass. Samples were pressed uniformly 
against the crystal surface via a spring-anvil, and spectra were obtained by 64 scans 
accumulation from 4,000 to 500 cm
−1
 at 4 cm
−1
 resolution. The ATR correction and the 
baseline correction were carried out orderly by PerkinElmer Spectrum software (Perkin-
Elmer Inc., Norwalk, CT, United States) with the equipment. 
 
3.3.3 WAXD Analysis of Untreated and Pretreated Poplar 
Wide-angle X-ray diffraction (WAXD) measurements were performed using a theta-theta 
goniometer   Nalytical X’ ert  RO diffractometer (PANalytical in Almelo, 
Netherlands) with Cu K radiation ( = 1.542 Å) operating at 45 kV and 40 mA. Beam 
divergence on the incident and diffracted beam paths are controlled by the programmable 
divergence and programmable anti-scatter slits to maintain a constant illuminated spot of 
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10 mm on the sample.  A fixed 2° anti-scatter slit and a 10 mm width limiting beam mask 
on the incident beam path; soller slits of 0.04 rad divergence on both beam paths; Nickel 
as a beta-filter and X’ elerator scientific detector on the diffracted beam path were the 
other optic components. The pretreated poplar samples, covered with a kapton film to 
maintain its humidity during measurements, were mounted onto the Spinner PW3064 
stage and rotated at 7.5 rpm. Data was collected in the continuous scan mode from 5° to 
90° 2. The width of the diffraction peaks associated with specific reflecting planes (hkl) 
having a repeat spacing of dhkl was used to estimate the crystallite size, Lhkl using the 




     
    
        
       
Where  is the X-ray wavelength in Å;      is the angular full-width at half maximum 
intensity (FWHM) in radians of the (hkl) line profile; and  is the scattering angle. The 
calculated values of crystallite size, L200 were obtained from diffraction peak widths 
according to the Scherrer method for all samples.  
 
3.3.4 Gel Permeation Chromatography Analysis of Cellulose and Lignin 
The number-average molecular weight (Mn) and weight-average molecular weight (Mw) 
were determined by GPC after tricarbanilation of cellulose. Lignin-free cellulose (15 mg) 
from each sample was placed in separate test tubes equipped with micro stir bars and 
dried overnight under vacuum at 40°C. The test tubes were then capped with rubber 
septa. Anhydrous pyridine (4.00 mL) and phenyl isocyanate (0.50 mL) were added 
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sequentially via syringe. The test tubes were placed in an oil bath at 70°C and allowed to 
stir for 48 hours. Methanol (1.00 mL) was added to quench any remaining phenyl 
isocyanate. The contents of each test tube were then added drop-wise to a 7:3 
methanol:water mixture (100 mL) to promote precipitation of the cellulose derivative. 
The solids were collected by filtration and then washed with the methanol:water mixture 
(1 × 50 mL), followed by water (2 × 50 mL). The cellulose derivative was then dried 
overnight under vacuum at 40°C. Prior to GPC analysis the cellulose derivative was 
dissolved in tetrahydrofuran (1.0 mg/mL), filtered through a 0.45 μm filter, and placed in 
a 2 mL auto-sampler vial. DPn and DPw were obtained by dividing Mn and Mw by 519 
g/mol, the molecular weight of the tricarbanilated cellulose repeat unit. All reported 
values for molecular weight and DP were the mean average of duplicate samples, except 
in the case of the untreated material which was the average of six samples for each type 
of cellulose. 
The lignin samples (dried under vacuum at 40°C overnight) were acetylated with acetic 
anhydride/pyridine (1/1, v/v) at RT for 24 h in a sealed flask under an inert atmosphere. 
The concentration of the lignin in this solution was approximately 20 mg/ml. After 24 h, 
the solution was diluted with ~20 ml of ethanol and stirred for an additional 30 min, after 
which the solvents were removed with a rotary evaporator followed by drying in a 
vacuum oven at 40 °C. The number-average molecular weight (Mn) and weight-average 
molecular weight (Mw) were determined by GPC after acetylation of lignin. Prior to GPC 
analysis the acetylated lignin sample was dissolved in tetrahydrofuran (1.0 mg/mL), 
filtered through a 0.45 µm filter, and placed in a 2 mL auto-sampler vial. 
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The molecular weight distributions of those samples were then analyzed on an Agilent 
GPC SEC 1200 system equipped with four Waters Styragel columns (HR1, HR2, HR4, 
HR6), Agilent refractive index (RI) detector and Agilent ultraviolet detector (Waters, 
Inc., Milford, MA, United States) (270 nm) using tetrahydrofuran (THF) as the mobile 
phase (1.0 mL/min) with injection volumes of 20.0 μL.   calibration curve was 
constructed based on eight narrow polystyrene standards ranging in molecular weight 
from 1.5 × 10
3
 to 3.6 × 10
6
 g/mol. Data collection and processing were performed using 
Polymer Standards Service WinGPC Unity software (version 7.2.1, Polymer Standards 
Service USA, Inc., Warwick, RI, United States). Error analysis was conducted by 
performing three individual isolations and GPC peak integrations. 
 
3.3.5 Simons’ Staining 
DB 1 (Pontamine Fast Sky Blue 6BX) and DO 15 (Pontamine Fast Orange 6RN) dyes 
were obtained from Pylam Products Co. Inc. (Garden City, New York United States). DB 
1 was used as received. Although the original staining method developed by Simons 
utilized both dyes as received,
164
 later studies suggested that only the high molecular 
weight fraction of the DO 15 dye was responsible for the increased affinity for cellulose, 
whereas the low molecular weight part had a very similar affinity for cellulose as DB 
1.
165
 Therefore, an ultrafiltration of DO 15 to remove the low molecular weight part was 
necessary, and was done by filtering a 1% (wt/wt) solution of DO 15 through a 100 K 
membrane using an Amicon ultrafiltration apparatus (Amicon Inc., Beverly, 
Massachusetts, United States) under approximately 200 kPa nitrogen gas pressure.
166
 To 
calculate the concentration of the DO 15 after ultrafiltration, 1.00 mL of the solution was 
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dried in a 50 
º
C oven for a week and the weight of the solid residue was measured. 
Simons’ stain was performed according to the modified procedure by  handra et al.
92b
 
The amount of dye adsorbed by the biomass sample was determined using the difference 
between the concentration of the initial added dye and the concentration of the dye in the 
supernatant calculated by solving two Lambert-Beer law equations simultaneously. 
 
3.3.6 Down-scaled Enzymatic Sugar Release Assay 
The high throughput enzymatic hydrolysis method is based on the High Throughput 
Pretreatment and Enzymatic hydrolysis (HTPH) design at University of California, 
Riverside (UCR, California, United States).
167
 In this particular study, 4.5 mg dry 
biomass was loaded into individual wells of a custom-built metal well plate by an 
automation robotics platform (Symyx Technologies, Sunnyvale, California, United 
States).  hen, 446 μL deionized water was pipetted into all wells (8-channel pipette, 30 to 
300 μL, Eppendorf, Hamburg, Germany) to achieve a solid loading of 1 wt . Next, 39 
μL of a mixture of 1 M citrate buffer (pH 4.8), sodium azide solution and enzymes was 
pipetted into each well (8 channel pipette, 10-100 μL, Eppendorf, Hamburg, Germany). 
The final hydrolysates contained 0.05 M citrate buffer (pH 4.95), and 0.2 g/L sodium 
azide. The resulting enzyme loading corresponded to a high 112.5 mg protein of 
Accellerase 1500 and 37.5 mg protein of Accellerase® XY (DuPont Industrial 
Biosciences, Palo Alto, CA, United States), respectively, per gram of glucan plus xylan in 
tested biomass. The high protein loading was applied to ensure that the substrate 
reactivity is not masked by the enzymes ineffectiveness as they can be strongly inhibited 
by the compounds (such as xylooligomers and phenols) present in the enzymatic 
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hydrolysates. After enzyme addition, the well plate was then clamped between two 
stainless steel plates with a flat silicone gasket in between. The plate was then placed on 
its side in an incubation shaker (Multitron Infors-HT, ATR Biotech, Laurel, Maryland, 
United States) at 50°C for 72 hours at 150 rpm. Following enzymatic hydrolysis, the 
well-plate block was allowed to cool to room temperature and then opened. A sealing 
tape (Nunc, Rochester, New York, United States) was secured to the top of all vials and 
the entire well plate was centrifuged (CS-6R Centrifuge, Beckman, Fullerton, California, 
United States) for 20 minutes at 2650 rpm.  hen, 260 μL of the clear hydrolysates 
solution was transferred to a polypropylene 96-well plate (Agilent, Santa Clara, 
California, United States) for HPLC analysis. In this part, sugar concentrations were 
quantified using Agilent 1200 HPLC (Agilent, Santa Clara, California, United States) 
equipped with an  minex™ H X-87H column (BioRad, Hercules, California, United 
States) and a refractive index detector. The column heater was set at 65 °C and the 





3.3.7 Characterization and Thermal Analysis of Lignin for Carbon Fiber Study 
The S/G ratio of the lignin fractions was determined by Pyrolysis-Gas 
Chromatography/Mass Spectrometry (Py-GC/MS). Briefly, 200 µg of lignin were 
pyrolyzed in a Frontier multi-shot pyrolyzer (PY3030D) at 450 °C for 12s. The interface 
temperature was 280 °C. A Perkin Elmer Clarus 680 GC with a split ratio of 80:1 was 
used for compound separation. The sample was injected into a 30m × 0.25 i.d. × 0.25 µm 
Elite 1701 (Perkin Elmer) capillary column with 1mL/min helium gas. A Perkin Elmer 
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Clarus SQ8C mass spectrometer with scanning range of 35-550 Da was used to detect the 
eluting component. The S, G, H % of lignin fractions were calculated following the 
method developed by Sykes et al.
168
 The chemical composition of the lignin samples was 
determined by following the procedures developed by National Renewable Energy 
Laboratory (NREL/TP-510-42618 and NREL/TP-510-42622). 
 
Thermal analysis of the lignin samples was conducted in a TA Q500 thermogravimetric 
analyzer (TGA) heated from room temperature (30 °C) to 1000 °C, at 10 °C/min under 
nitrogen atmosphere. Differential scanning calorimetry (DSC) was carried out on lignin 
samples using a TA Instruments DSC Q2000 in standard mode. Second heating scans ran 
at 10 °C/min was used to determine glass transition temperature of the lignin samples. 
 
3.3.8 Rheological Measurement of Lignin Samples 
Melt viscosity values of the lignin samples (~ 400 mg) were measured using a strain-
controlled ARES rheometer (TA Instruments). Isothermal transient rheological analysis 
was conducted using parallel plate geometry (25-mm diameter plate) at three 
temperatures (170, 180, and 190 °C) at 1 mm gap and a shear rate of 10 rad/s. Parallel 
aluminum plates were first heated to desired temperature at ramp rate 5 °C/min. Once the 
desired temperature was reached, the nitrogen gas was purged through the oven. The 
lignin pellet was loaded after the reset of the gap and force between the upper and lower 
plate. The upper plate was gradually lowered to contact the lignin sample and finally to 
reach 1 mm gap. The lignin sample was isothermally sheared at constant shear rate (10 
rad/s) and viscosity data were monitored at 170, 180 and 190 °C under nitrogen, and then 
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cooled down to room temperature under air and nitrogen environments, separately. Codes 
of various sheared samples are shown in Table 17. The recorded data show a short 
duration of steady viscosity after a hump at the beginning of measurement of transient 
data; then the viscosity increases due to thermally-induced reactions. The gradual 
increase in viscosity data was analyzed by fitting equations (I)-(III). 
                                                                            (I) 
        (
   
  
)                                                               (II) 
       (
   
  
)                                                               (III) 
Equation (III) shows k as the temperature dependent reaction rate constant and    as the 
steady viscosity value at the onset of viscosity rise. Chemorheological activation energies 
associated with temperature dependence of viscosity (ΔEη) and rate constants (ΔEk) were 




Table 17 Rheological measurement temperature and cooling conditions of poplar lignin 
samples with their codes. 
Sample Code Lignin Sample Temp.(°C)  Cooling condition 
TAG562 Controlled lignin TAG562 -- -- 
TAG562-170A After rheology test 170 Air 
TAG562-180A After rheology test 180 Air 
TAG562-190A After rheology test 190 Air 
TAG562-190N After rheology test 190 Nitrogen 
TAG99 Controlled lignin TAG99 -- -- 
TAG99-170A After rheology test 170 Air 
TAG99-180A After rheology test 180 Air 
TAG99-190A After rheology test 190 Air 
TAG896 Controlled lignin TAG896 -- -- 
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TAG896-170A After rheology test 170 Air 
TAG896-180A After rheology test 180 Air 
TAG896-190A After rheology test 190 Air 
TAG896-190N After rheology test 190 Nitrogen 
TAG1672 Controlled lignin TAG1672 -- -- 
TAG1672-170A After rheology test 170 Air 
TAG1672-180A After rheology test 180 Air 
TAG1672-190A After rheology test 190 Air 
TAG1672-190N After rheology test 190 Nitrogen 
TAG750 Controlled lignin TAG750 -- -- 
TAG750-170A After rheology test 170 Air 
TAG750-180A After rheology test 180 Air 
TAG750-190A After rheology test 190 Air 
 
3.3.9 Nuclear Magnetic Resonance (NMR) Spectroscopy  
3.3.9.1 Solid-state CP/MAS 13C NMR Analysis of Cellulose 
The cellulose samples with ~ 55 % water content were prepared with isolated cellulose 
packed into a 4-mm cylindrical ceramic MAS rotor. Repetitive steps of packing sample 
into the rotor were performed to fully compress and load the maximum amount of 
sample. Solid-state NMR measurements were carried out on a Bruker DSX-400 
spectrometer operating at frequencies of 100.55 MHz for 
13
C in a Bruker double-
resonance MAS probehead at spinning speeds of 10 kHz. CP/MAS experiments utilized a 
5 μs (90 ) proton pulse, 1.5 ms contact pulse, 4 s recycle delay and 4-8 K scans. All 
spectra were recorded on wet samples, and the line-fitting analysis of spectra was 
performed using NUTS NMR Data Processing software (Acorn NMR, Inc) as reported 
by Foston et al.
30, 49a
 Error analysis was conducted by performing three individual 
isolations, NMR acquisitions and line-fit data processing (5-6 times).  
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3.3.9.2 13C-1H 2D Heteronuclear Single Quantum Coherence (HSQC) NMR 
Characterization of lignin 
HSQC experiments were carried out in a Bruker Avance/DMX 400 MHz NMR 
spectrometer. NMR samples were prepared as follows: 50 mg of lignin sample (for 
carbon fiber study in Chapter 7) was added to 0.5 ml deuterated 
hexamethylphosphoramide (HMPA-d18) solution (During biofuel study in Chapter 6, 
enzymatic isolated lignin was dissolved in 0.5 ml deuterated dimethyl sulfoxide DMSO-
d6 ) and stirred at 45 °C for 4 hours, employing a standard Bruker pulse sequence with 
13-ppm spectra width in F2 (
1
H) dimension with 1024 data points (95.9-ms acquisition 
time), 210-ppm spectra width in F1 (
13
C) dimension with 256 data points (6.1-ms 
acquisition time), a 90° pulse, 0.11s acquisition time, 1.5-s pulse delay, 
1
JC-H of 145 Hz 
and 48 scans. NMR data were processed using the TopSpin 2.1 software (Bruker 
BioSpin) and MestreNova (Mestre Labs) software packages. 
 
3.3.9.3 Quantitative 31P-NMR 
Phosphitylation and 
31
P-NMR have been exploited to quantitatively determine hydroxyl 
functional groups in isolated lignin. Quantitative 
31
P-NMR were acquired after in situ 
derivatization of the lignin sample using  about 15.0 mg of lignin sample with 2-chloro-
4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (TMDP) in a solution of (1.6:1, v/v) 
pyridine/CDCl3, chromium acetylacetonate (relaxation agent) and endo-N-hydroxy-5-
norbornene-2,3-dicarboximide (NHND, internal standard). 
31
P NMR analysis of lignin 
samples were carried out using a Bruker Avance-400 spectrometer operating at 
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frequencies of 161.93 MHz for 
31
P at 25°C in a magnetic field of 9.4 Tesla. The 
quantitative 
31
P NMR spectra were acquired at a frequency of 161.93 MHz over 32 K 
data points with acquisition time of 1.29 s, using an inverse gated decoupling pulse 
sequence with a 25-s pulse delay and 128 scans. Average data of lignin functional groups 
were presented based on three repeated rheology tests on each poplar lignin sample at 
various temperatures. 
 
3.4 Error Analysis 
The experiments of the carbohydrate analysis, acid-insoluble Klason lignin analysis, and 
molecular weight measurement of cellulose and lignin were performed in triplet, and the 
results represented the mean values of three independent experiments. The standard 
deviation associated with the carbohydrate, acid-insoluble lignin and molecular weight 
measurements were ± 0.3-3.5%, ± 0.2-0.5%, and ± 5.5-10.0%, respectively. All 
enzymatic hydrolysis experiments were performed in twice, and the results represented 
the mean values of two independent experiments. The standard deviation associated with 
the glucose yield at each time interval was in the range of ± 1.0-8.0%. For solid-state 
NMR analysis, error analysis was conducted by three to five individual line-fit data 
processing analyses. The standard deviation associated with the proportion of each 
cellulose allomorph was in the range of ± 0.3-1.6%. 
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CHAPTER 4  
COMPARISON OF CHANGES IN CELLULOSE 






Several Populus species are presently being developed as high potential energy crops 
because they exhibit drought tolerance, pests and insects resistance, and high biomass 
yields on a range of lands.
52b
 More importantly, through genetic modification, the 
extensive sequencing of the Populus genome has made it possible to enhance many of 
these characteristics unlike ever before.
170
 Potential applications for poplar include 
biofuels, pulp and paper, a variety of wood-based products, and the next generation of 
commodity and fine chemicals. Among the most promising utilization of poplar 
feedstocks is the production of bioethanol.
52b
 Considering the inherent resistant of 
lignocellulosic cell walls to deconstruction by microbes and enzymes (i.e., biomass 
recalcitrance), current cellulosic bioethanol production requires pretreatment prior to 
enzymatic hydrolysis and fermentation. The goal of this pretreatment has commonly been 
cited as a process to (1) open the lignin-hemicellulose matrix, (2) alter and re-distribute 
                                                 
1  his manuscript was accepted for publication in  ellulose, 2014. It is entitled as ―  omparison of 
changes in cellulose ultrastructure during different pretreatments of poplar.  The other authors are Marcus 
Foston, Daisuke Sawada, Sai Venkatesh Pingali, Hugh M. O’Neill, Hongjia Li,  harles E. Wyman,  aul 
Langan, Yunqiao Pu, Art J. Ragauskas. 
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structural components in the cell wall, (3) lower the degree of polymerization of 
cellulose, and (4) disrupt the ultrastructure of the cellulose, ultimately aimed at enhancing 




Pretreatment of lignocellulosic materials can include physical, physicochemical, 
chemical, and biological processes, of which chemical pretreatments typically utilize acid 
or base with controlled time, temperature, and pH profiles and/or organic solvents to 
facilitate cell wall component removal.
112a, 134b, 171
 One of the most promising options 
because of cost effectiveness and ease of scalability employs dilute sulfuric acid (0.5 – 
1.0 %) at moderate temperatures (140 – 190 °C) to hydrolyze hemicelluloses, disrupt 




Kumar et al. conducted a comprehensive study applying some of the leading pretreatment 
technologies including ammonia fiber expansion, aqueous ammonia recycle, dilute 
sulfuric acid, lime, neutral pH, and sulfur dioxide to poplar, evaluating each technology 
based on enzymatic release following a common sugar assay procedure.
31a, 173
 This 
particular study indicated that one of the most notable changes in the composition of 
dilute acid pretreated solids is a significant reduction in the relative hemicellulose 
content. In a separate publication by Wyman et al. dilute acid pretreatments of poplar 
facilitated ethanol yields of approximately 85% when using simultaneous saccharification 
and fermentation (SSF), and produced glucose yields around 64 % when using separate 





Another very common treatment is hot water pretreatment (i.e., without adding acid or 
base) referred to as auto-hydrolysis because the hot water cleaves acetyl and hemiacetal 
linkages, liberating acids along with the natural acidity of water catalyzes the hydrolysis 
of linkages in the cell wall. This pretreatment is associated with lower capital and 




An alternative to acidic pretreatments are alkali pretreatments which are processes that 
typically utilize lower temperatures and pressures when compared to other pretreatment 
technologies. The commercial application of alkaline bases is often not preferred because 
sodium hydroxide and other bases are costly and difficult to recover and to reuse in a 
cost-effective manner.
127
 Lime pretreatment with proven effectiveness and low cost has 
been used to pretreat a variety of substrates including poplar.
175
 Wyman et al. 
demonstrated lime pretreatment of poplar exhibited a reduction in relative lignin content 
rather than hemicelluloses with SHF glucose yields of ~ 71%.
113a
 Chang et al. conducted 
a systematic study of lime pretreatment conditions on switchgrass and found a residence 
time of 2.0 h at 100 – 120 °C with a 0.1 g Ca(OH)2/g dry biomass lime loading and water 




An additional interesting class of pretreatment technologies includes wet oxidant 
methods.
176
 For example, lime and oxygen were used to enhance the enzymatic 
digestibility of poplar in a study by Chang et al. indicating a partial pressure of 1.4 MPa 
of absolute oxygen gave the optimal condition to enhance the enzymatic digestibility, 





Understanding the structural parameters relevant to plant cell wall recalcitrance and how 
those parameters individually and cooperatively affect enzymatic saccharification are 
vital for improving current processing and conversion methods for cellulosic biofuels. 
Though, in more recent work, research has started to indicate that increases in 
accessibility maybe one of the major first order rate determining factors in enzymatic 
hydrolysis.
92a, 127
 However, among various substrate characteristics cellulose morphology 
and crystallinity index are inherently connected with cellulase enzyme activity and 
therefore efficient enzymatic hydrolysis of lignocelluloses.
19a, 177
 A study by Pu et al. 
examined the enzymatic hydrolysis of bleached softwood Kraft pulps in which they 
reported a faster decrease in the relative amount of amorphous cellulose as a function of 
enzymatic hydrolysis time.
36a
 Recent research studies on the structural reorganization of 
cellulose fibrils during hydrothermal deconstruction and their relationship with enzymatic 
digestion indicated that cellulose morphological changes occurred within the 
lignocellulosic cell wall as a result of pretreatment deconstruction and that these changes 
are very important for maximizing enzyme digestibility and minimizing energy 
consumption.
178
 This suggests cellulose ultrastructure is a substrate characteristic relevant 
to the enzymatic deconstruction of biomass and must be monitored to not only 
deconvolute the factors affecting recalcitrance but also to help develop a deeper 
understanding of the molecular-level mechanisms that these enzymes employ. A vital 
component of this is to generate reliable structural models of cellulose before and after 
pretreatment. These results can be then used in further research such as computational 
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methods applied model to cell wall deconstruction or the generation of new optimized 
biocatalysts and low-recalcitrant genetically engineered plants. 
 
In this study, a Populus trichocarpa x deltoides hybrid was subjected to hot-water, 
organo-solv, lime, lime-oxidant (lime/Ox), dilute acid and dilute acid-oxidant (dilute 
acid/Ox) pretreatments. These samples were then examined for changes in cellulose 
ultrastructure during pretreatment by
 13
C cross polarization magic angle spinning 
(CP/MAS) nuclear magnetic resonance (NMR) and wide-angle X-ray diffraction 
(WAXD). An enzymatic recalcitrance screen was performed to evaluate and compare the 
changes in glucose sugar release with respect to different types of pretreatment. 
Moreover, in this study we intended to investigate transformations occurring in cellulose 
ultrastructure during various pretreatments, and examine possible links between changes 
in sugar release (i.e., biomass recalcitrance) and alterations in cellulose crystallinity and 
crystalline allomorph distribution. 
 
4.2 Experimental Section 
4.2.1 Materials 
Poplar samples were prepared as described in Chapter 3 section 3.1.2. Hybrid poplar 
(Populus trichocarpa x deltoides) for biofuel research was obtained from Oakridge 
National Laboratory, TN. The biomass was size-reduced in a Wiley mill using a 0.250 – 
0.177 mm screen. Extractives were subsequently removed by placing the biomass into an 
extraction thimble in a Soxhlet extraction apparatus. The extraction flask was filled with 
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1:2 ethanol/benzene mixture (~ 150 mL) and then refluxed at a boiling rate which cycled 
the biomass for at least 24 extractions over a 4 h period. 
 
4.2.2 Pretreatments 
Pretreatment process was described in Chapter 3 section 3.2.3. 
 
4.2.3 Carbohydrates and Klason Lignin Analysis 
Chemical composition analysis of native and pretreated poplar samples was carried out 
based on the procedure described in Chapter 3 section 3.3.1. 
 
4.2.4 Cellulose Sample Preparation for 13C NMR 
Preparation of cellulose from native and pretreated poplar samples was described in 
Chapter 3 section 3.2.5. 
 
4.2.5 CP/MAS 13C NMR Analysis of Cellulose 
Characterization procedure was described in Chapter 3 section 3.3.9.1. 
 
4.2.6 WAXD Analysis of Untreated and Pretreated Poplar 
Characterization procedure was described in Chapter 3 section 3.3.3. 
 
4.2.7 Down-scaled Enzymatic Sugar Release Assay 
Sugar analysis procedure was described in Chapter 3 section 3.3.6. 
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4.3 Results and Discussion 
4.3.1 Cell Wall Composition 
Carbohydrate and Klason lignin values for the different pretreatments as described in 
Table 15 are reported in Figure 25 for untreated and pretreated solids. Alkaline 
pretreatments, lime and lime/Ox, did not significantly alter the relative carbohydrate and 
Klason lignin distributions, which is in agreement with previous studies under the similar 
experimental conditions.
179
 These studies suggested little alteration in the compositional 
analysis of alkaline pretreated biomass occurred, in part, due to the relatively lower 
pretreatment temperatures utilized. In this case compositional analysis indicated lime and 
lime/Ox pretreatment were much less severe than the other pretreatments conducted and 
would consequently cause less alterations and degradation to the remaining cellulosic 
components. On the other hand, dilute acid and dilute acid/Ox pretreatments removed the 
most significant fraction of xylan, increasing the relative Klason lignin content by almost 
50 %. This accompanying increase in the relative Klason lignin content observed for acid 
pretreatments could be attributed to not only the hydrolysis of hemicellulose and maybe 
cellulose but also the formation of ‘pseudo-lignin’, a polysaccharide degradation product 
resulting from the re-polymerization of dehydrated sugars forming lignin-like 
polyphenolic structures.
115
 The fact cellulosic components may have been 
degraded/removed during acid pretreatments that could have large implication on 
concurrent changes in cellulose ultrastructure. Organo-solv pretreatment reduced the 
relative Klason lignin content significantly (by ~33 %) while removed most of the xylan 
and yielded a glucan rich solid component. Lignin content reduction in organo-solv 
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pretreatment could result from solubilization and fragmentation that release lignin into 
the organic phase.
73a, 180
 Though only reporting relative change in cell wall composition, 
compositional analysis seems to suggest organo-solv pretreatments may also 
degrade/remove cellulose. Similarly, hot water pretreatment after a 60 min residence time 
appears chemically comparable to biomass that underwent dilute acid pretreatment, 



































Figure 25 Relative glucan, xylan and lignin contents in the residual untreated and 
pretreated poplar solids. 
 
4.3.2 Cellulose Crystallinity and Ultrastructure Analysis by NMR 
The direct polarization magic-angle spinning (DP/MAS) with enough recycle delays that 
permit complete T1 relaxation of the observed nuclei magnetization can provide the most 
reliable method for obtaining quantitative solid state NMR spectra; however, it is usually 
time-consuming to achieve an acceptable signal-to-noise ratio with the long T1 in solid 
samples. Compared to DPMAS, CPMAS can enhance the signal intensity per measuring 
time by about an order of magnitude. While the difference in magnetization transfer from 
1
H to carbons bonded to 
1
H and to nonprotonated C or mobile segments with weaker H–
C dipolar couplings can compromise the quantification of CP/MAS spectra, the 
quantitation of CPMAS 
13
C NMR analysis can be achieved with the selected 
experimental conditions. The quantitative analysis of the particular cellulose C4 peak at 
























The cellulose C4-carbon region extends over a 
13
C NMR chemical shift range of δ ~ 80 – 
93 ppm as shown in Figure 26. A commonly used probe for cellulose amorphous 
domains can be observed at a 
13
  chemical shift range of δ ~ 80 – 85 ppm, appearing as a 
series of fairly broad and overlapping resonances. 
13
C CP/MAS NMR spectroscopy 
experiments were conducted to determine cellulose % crystallinity as shown in Figure 27. 
Cellulose % crystallinity is calculated by dividing the area of the crystalline peak by the 
total area assigned to the C4-carbon region. 
 
 
Figure 26 Non-linear least-squared line fitting of the C4 region of 
13
C NMR spectrum of 
isolated cellulose samples. 
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The non-linear least-squared line fitting of the C4 region for a 
13
C CP/MAS spectra of 
isolated cellulose prepared from pretreated poplar are presented in Figure 26. The 
deconvolution was performed by fitting seven lines to the C4 region with additional 
constraints for the areas of the three Lorentzian lines that originate from crystalline 
cellulose allomorphs Iα (90.2 – 89.7 ppm), Iβ (88.1 –87.8 ppm) and Iα+β (89.0 – 88.6 ppm), 
and four Gaussian lines for non-crystalline cellulose accessible fibril surfaces (Acc-1: 
84.9 – 84.2 and Acc-2: 83.6 – 83.2 ppm) and inaccessible fibril surface (Inacc: 83.9 – 
83.4 ppm) as well as para-crystalline cellulose (88.6 – 88.4 ppm).
30, 44c, 45, 134c, 181
 The 
relative intensity of the cellulosic ultrastructural components within cellulose fibrils and 
how those relative intensities change with pretreatment at the most severe conditions 
tested are shown in Table 18. In addition, the percentage of C4-carbons detected at fibril 
surfaces and along a square cross-sectional cellulose microfibril model, can be used to 
estimate the cellulose microfibril (i.e., lateral fibril dimension (LFD) or cellulose 





Figure 27 % Crystallinity of cellulose in the residual pretreated hybrid poplar solids as 
determined by acid isolated cellulose and 
13
C CP/MAS NMR spectra. 
 
The generalized major effects of the pretreatments on cellulose ultrastructure are: (1) 
increases in cellulose % crystallinity, (2) increases in the relative cellulose Iβ and para-
crystalline content, (3) increases in cellulose LFD and LFAD, and (4) decreases in the 
relative cellulose Iα content, cellulose accessible fibril surfaces, and cellulose inaccessible 
fibril surfaces. The observed increase in relative cellulose Iβ content is accompanied by a 
reduction in resonances representing cellulose Iα+β and Iα content. This change most likely 
results from the thermal transformation of the cellulose Iα allomorph, which has a meta-
stable triclinic one-chain crystal structure, to the cellulose Iβ allomorph, a more 
thermodynamic favored monoclinic two-chain crystal structure.
30, 123a
 Moreover, 
pretreatments result in the increase of para-crystalline cellulose content and a concurrent 
decrease in the relative proportion of amorphous (i.e., accessible and inaccessible fibril 





















degradation occurs and previous study indicating hydrolysis of amorphous cellulose is 
kinetically favored over that of crystalline cellulose,
36a
 increases in % crystallinity and 
even perhaps relative para-crystalline cellulose content could result from the preferential 




Table 18 The relative % cellulose crystalline allomorphs, para-crystalline cellulose and 






























Untreated 4.0 8.6 37.5 4.2 39.4 4.2 2.1 4.2 34 
Hot Water 3.1 7.5 40.5 6.9 37.4 2.9 1.7 4.6 47 
Dilute Acid 3.6 5.7 43.0 7.8 35.8 2.5 1.7 4.9 52 
Dilute Acid/Ox 1.7 8.9 45.9 9.3 30.3 3.3 0.6 5.8 55 
Organo-Solv 3.6 6.0 44.8 6.4 35.5 2.1 1.6 5.0 59 
Lime 2.6 7.9 40.7 7.7 35.1 3.4 2.6 4.7 36 
Lime/Ox 3.1 4.6 45.1 4.9 37.0 3.1 2.2 4.6 41 
 
Para: para-crystalline cellulose; Inacc: Inaccessible fibril surface; Acc-1 and Acc-2: Accessible fibril surface; LFD: Lateral fibril 
dimension; LFAD: Lateral fibril aggregate dimension 
 
Various pretreatments increase cellulose % crystallinity to different extents. Acidic 
pretreatments increase the crystallinity significantly, while alkaline pretreatments 
including lime and lime/Ox have relatively less effect. This aligns with compositional 
analysis indicating amorphous cellulose is more susceptible to hydrolysis at acidic 
pretreatment conditions than at alkaline pretreatment conditions. The increase of 
cellulose % crystallinity in pretreated poplar could result from a combination of several 
factors. Aside from preferential removal of amorphous cellulose (see Table 18), a 
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hydrothermal “annealing”-like process that transforms cellulose Iα into cellulose Iβ could 




Hornification describes the irreversible stiffening and shrinking of lignocellulosic 
materials upon drying or water removal. Hornification shrinks internal fiber volume, and 
upon re-suspension in water the original extent of water-swelling is not obtained. 
Interestingly, hornification is not only associated with decreases in water retention value, 
specific surface area, and pore size
183
 but also with accompanying increases in 
crystallinity and crystallite size.
184
 Several mechanisms have been proposed to explain 
hornification in lignocellulosic materials.
30, 185
 One such proposed mechanism, co-
crystallization of adjacent cellulose microfibrils,
184b, 186
 may also be used here to explain 
the observed cellulose % crystallinity increases occurring as a result of severe 
pretreatment. However, if co-crystallization is indeed occurring, cellulose crystallite 
dimensions might be expected to increase as well.  
 
Based on the LFD and LFAD results (see Table 18), cellulose isolated from acid, 
acid/Ox, and organo-solv pretreated poplar displayed significant increases in LFD and 
LFAD as compared to cellulose isolated from hot water, lime, and lime/Ox pretreated 
poplar. Previous pretreatment studies have attributed this increase in LFD to partially 
release in cellulose fibril distortion that (1) alters intra-chain hydrogen bonding and (2) 
then reduces the relative surface area to volume ratio of a cellulose fibril and 
subsequently increase the LFD.
30, 50b
 Increases in LFAD, as a result of pretreatment, are 
attributed to thermal induced crystallization and aggregate growth.
30
 The significant 
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LFAD increases in acidic and organo-solv pretreated samples could be attributed to the 





In addition, chemical reagents employed in cellulose isolation process influence the 
cellulose structural feature to some extent.
187
 However, the impact of isolation procedure 





4.3.3 Crystallite Size Analysis by WAXD 
A complementary technique to evaluate cellulose microfibril ultrastructure is wide-angle 
X-ray diffraction (WAXD). This method is sensitive to the regular or repetitive 
arrangement of the atoms which is more commonly used to extract crystallite dimension 
information in cellulose samples with high precision.
41b, 178
 Therefore, crystallite size was 
used to monitor cellulose fibril dimension change as a result of various pretreatments in 
this study. A detailed description of the different backgrounds, including instrumental 
and cellulosic amorphous contributions (Figure 28), fitting approach highlighting the 
influence of the solvent (non-cellulosic) amorphous background that exists as two classes 




Figure 28 Powder X-ray diffraction data of native and pretreated poplar. Native poplar is 
in pink color. (A) Organo-solvent and (B) Lime Oxidant for increasing pretreatment 
resident time: 5 min (red); 10 min (blue) and 60 min (green).  The black lines are fits to 




Figure 29 Powder X-ray diffraction data of organo-solv pretreated poplar. 
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Figure 30 Powder X-ray diffraction data of lime/Ox pretreated poplar. 
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As shown in Table 19, all pretreatment methods increase the size of the cellulose 
crystallite and the degree of that increase seems to depend again on pretreatment severity 
(encompassing pretreatment temperature, residence time, and method employed). The 
WAXD cellulose crystallite results show a similar trend or ordering with NMR LFD 
results (Table 18). Among the pretreatments, all acidic treatments have a large influence 
on cellulose microfibril structure, displaying a large increase in the crystallite size.  
 
Table 19 Crystallite size (L200) for different pretreatment methods. 
Treatments 
L200 ± 0.1 (nm) L200 ± 0.1 (nm) L200 ± 0.1 (nm) 
5 min 10 min 60 min 
Untreated 2.7 2.7 2.7 
Hot Water 3.0 3.3 4.0 
Dilute Acid 3.8 4.3 5.0 
Dilute Acid/Ox 4.1 4.1 4.5 
Organo-Solv 4.0 4.1 4.4 
Lime§ 3.8 --- 4.1 
Lime/Ox 3.6 3.6 3.6 
 
§ 10 min data not collected; 
 
WAXD studies have shown that irrespective of the kind of pretreatment applied such as 
alkaline, organic or acidic, the crystalline dimension of cellulose microfibrils increase 
within 5 min of pretreatment time. Hot water pretreatment produces the least increase in 
the cellulose crystallite size from an untreated sample 2.7 nm to 3.0 nm while all the 
other pretreatments increase from 2.7 to ~ 4.0 nm. Beyond 5 min of pretreatment 
cellulose crystallite dimensions increase greater than 4.0 nm, with dilute acid producing 
the most increase to 5.0 nm. This is interesting because scattering studies of sliced intact 
poplar chips indicate cellulose fibril — cellulose fibril distance is ~ 4.0 nm 188 and any 
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increase in the crystallite size beyond 4.0 nm implies neighboring fibril coalescence. 
Langan et al. suggest fibril coalescence is driven by expulsion of interstitial biopolymer 
or solvent.
188
 This coalescing trend is however absent for the crystallite dimensions 
determined for cellulose in hot water, lime/Ox, and lime pretreated poplar. In summary, 
alkali pretreatments do not affect the cellulose crystallite dimension. This mostly likely is 
related to the fact alkali pretreatments were conducted at less severe conditions, and that 
not enough energy has been provided to overcome a kinetic barrier preventing cellulose 
microfibril coalescence. 
 
4.3.4 Recalcitrance and Enzymatic Sugar Release 
Figure 31 summarizes the relative increase in glucose yield after enzymatic hydrolysis for 
the different pretreatments with respect to the untreated sample. In order of performance, 
the hot-water pretreatment displayed the lowest increase in glucose yield after enzymatic 
hydrolysis, dilute acid and dilute acid-oxidant pretreatments, which displayed very 
similar sugar release profiles were next, with the lime and lime-oxidant pretreatments 
producing slightly higher increase, and lastly the organo-solv pretreatment generated the 
largest increase in sugar yield. 
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Figure 31 The relative increase in glucose yields due to enzymatic hydrolysis of 
pretreated hybrid poplar solids with respect to the sugar release profile of the untreated 
solids. 
 
Enzymatic hydrolysis of cellulosic biomass depends on several comprehensive factors 
including cell wall biopolymer distribution and chemistry, cellulose degree of 
polymerization and crystallinity, microfibril crystallite size and morphology, cell wall 
pore size and enzyme accessibility.
19a, 30, 36a, 92a, 189
 It has been postulated that crystalline 
regions reduce the resulting enzymatic degradation of cellulose,
86a
 yet the cellulose 
crystallinity in most pretreated samples are greater than the untreated sample (Figure 27). 
Accordingly, the literature clearly shows enzymatic saccharification of biomass which 
has undergone many of the pretreatments in this study, increase sugar yields suggesting 
cellulose crystallinity alone may not be the global determinant in the enzymatic 
degradability of pretreated biomass as once thought.
190
 Though true, when crystallinity is 
considered as a major factor, simple thermodynamic analysis suggests amorphous 




































minimizing cellulose crystallinity increase during thermochemical pretreatment may 
display superior sugar release profiles. In addition, various cellulose crystalline 
allomorphic states may respond differently to enzymatic hydrolysis. The metastable 
triclinic cellulose Iα is more susceptible to enzymatic hydrolysis
36a, 192
 and can be 
transformed into more stable monoclinic Iβ by thermal treatment.
30, 123a
 Large number of 
intra-chain hydrogen bonds in cellulose Iβ with the increasing LFD is likely to present a 
thermodynamic barrier to the formation of a catalytically active complex with cellulases, 
which reduces enzymatic hydrolysis efficiency.
193
 Moreover, since the para-crystalline 
cellulose is believed to be located on the surface of crystallites as thin mono-cellular 
layers, which weaken the crystallites, increase cellulose dissolution and accessibility to 
reagents, and lead to intra-lattice swelling,
194
 therefore the increase of para-crystalline 
portion could also enhance the sugar yield in enzymatic hydrolysis. 
 
4.4 Conclusion 
In particular, key molecular features related to biomass recalcitrance, specifically 
cellulose ultrastructure, were studied. There is no a large influence of those pretreatments 
on cellulose crystallinity. However, compared with lime and lime/Ox pretreatments, 
acidic pretreatments relatively significantly alter cellulose ultrastructure, increasing 
cellulose % crystallinity and cellulose crystallite size significantly. The extent of these 
changes to cellulose ultrastructure seems to be related to pretreatment severity (time, 
temperature, and pH), suggesting the kinetics of (1) microfibril coalescence, (2) cellulose 
crystalline transformation, (3) xylan/lignin removal/redistribution, and (4) selective 
cellulose component degradation determine the type and the extent of changes that occurs 
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to cellulose ultrastructure during pretreatment. Lignin removal during alkaline and 
organo-solv pretreatments is a key factor in enhancing the sugar yield. Moreover, the 
large increase of LFD, crystallite size and para-crystalline cellulose in organo-solv 
pretreatment along with high sugar yield seems to suggest the increased proportion of 
para-crystalline cellulose could also be beneficial to enhance the sugar yield in enzymatic 
hydrolysis.    
  
A direct correlation between these measured molecular features and reduced biomass 
recalcitrance cannot be made because of the numerous other inter-linked substrates 
characteristic which were modified during pretreatment. However, as shown in this study, 
clear changes in cellulose ultrastructure do occur, many of which could be tailored or 
optimized by choice of pretreatment and pretreatment conditions. 
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CHAPTER 5  
THE EFFECT OF LIGNIN CONTENT ON CHANGES THAT 






Grass and woody biomass is mainly composed of three biopolymers, namely cellulose, 
hemicelluloses, and lignin, which are largely located in secondary cell walls.
195
 Cellulose 
(typically 40 to 50 wt% of the cell wall) is a linear polysaccharide that consists of 
repeating β-1,4-glycosidic units and that forms both crystalline and amorphous 
morphologies. These cellulosic morphologies are the basis for a framework of 
microfibrils further associated into bundles through strong intermolecular hydrogen 
bonds.
196
 Hemicellulose (typically 15 to 25 wt% of the cell wall), another polysaccharide, 
is typically a shorter and highly branched heteropolymer composed of both 5- and 6-
carbon monomeric sugars.
51a
 Lignin (typically 10 to 30 wt% of the cell wall) is derived 
from hydroxycinnamyl monomers with various degrees of methoxylation forming a 
racemic, cross-linked, and highly heterogeneous aromatic macromolecule. Lignin and 
hemicellulose is embedded between and around cellulose microfibrils, providing rigidity 
                                                 
2  his manuscript was accepted for publication in Biotechnology for Biofuels, 2014. It is entitled as ― 
Effect of lignin content on changes occurring in poplar cellulose ultrastructure during dilute acid 
pretreatment. The other authors are Marcus Foston, Xianzhi Meng, Daisuke Sawada, Sai Venkatesh 
 ingali, Hugh M. O’Neill, Hongjia Li,  harles E. Wyman,  aul Langan,  rt J. Ragauskas and Rajeev 
Kumar. 
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and structural support to the plant cell wall.
197
 Lignin, considered as the essential ‘glue’ 
holding cellulose and hemicellulose together, is one of the most recalcitrant components 
of the major plant cell wall biopolymer. The plant cell wall is described as existing as a 
multi-component structure that is hierarchical, with order existing on multiple length-
scales. This multi-component structure forms an encapsulating matrix of lignin and 
hemicellulose, confining cellulose and restricting the bioavailability of cellulose for 
biofuels generation.
198
 Also, covalent cross-linking between carbohydrates and lignin, 
known as lignin carbohydrate complexes (LCCs), could act as additional sites confining 




The biochemical conversion of biomass to biofuels involves three essential steps: 
pretreatment to reduce the inherent plant cell wall recalcitrance, enzymatic hydrolysis to 
deconstruct polysaccharides into fermentable sugars, and fermentation to convert those 
sugars into ethanol.
200
 The main challenges related to large-scale biochemical conversion 
involve considerable cost and inefficiency related to enzymatic deconstruction of 
polysaccharides embedded in the complex structure of the plant cell wall,
201
 which were 
designed over millions of years of evolution to resist enzymatic and chemical attack. As a 
result, effective enzymatic hydrolysis is closely related to plant cell wall physiochemical 
features including cell wall chemistry and composition, cellulose ultrastructure, 




In particular, the literature has consistently cited cellulose ultrastructure, mainly 
crystallinity index (CrI) and degree of polymerization (DP), as a relevant performance 
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indicator of enzymatic hydrolysis.
19b
 However, the exact role of cellulose CrI and DP on 
enzymatic hydrolysis is still not clearly defined due to the fact that biomass recalcitrance 
is a complex, multi-variant or scale phenomenon. For example, Del Rio et al. in a study 
on the enzymatic hydrolysis of organo-solv-pretreated softwood materials demonstrated 
single substrate characteristics such as fiber length, cellulose DP, and cellulose CrI have 
little effect on an enzymatic hydrolysis yield or rate.
203
 However, a variety of studies 
show low cellulose CrI substrates have high enzymatic digestibility; one in particular by 
Hall et al. demonstrated this on microcrystalline cellulose.
204
 However, a study by Foston 
and Ragauskas seems to indicate that despite increases in cellulose CrI, dilute acid 
pretreated poplar and switchgrass showed highly increased enzymatic yields.
30
 Despite 
these differing conclusions on the effect of cellulose ultrastructure, it is quite clear that 





The goal of pretreatment is therefore to modify plant cell wall physiochemical features 
such that the resulting biomass is more amenable to enzymatic deconstruction. The major 
effect of dilute acid pretreatment (DAP) on lignocellulose is the hydrolysis of 
hemicellulose and redistribution of lignin which, on average, causes beneficial (to 
enzymatic deconstruction) changes in cell wall chemistry and composition as well as 
enzymatic accessible surface area.
79c, 92a
 However, it also causes changes in cellulose 
ultrastructure, which most likely are deleterious (to enzymatic deconstruction) including: 
increases in the relative cellulose Iβ and paracrystalline content, increases in cellulose 
CrI, and increases in cellulose crystallite dimension.
30
 The increase in relative cellulose Iβ 
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content during DAP is accompanied by a decrease in relative cellulose Iα content, which 
has been attributed to a thermal transformation of the cellulose Iα allomorph.
30, 205
 
Cellulose Iα has a meta-stable triclinic one-chain crystal structure, whereas cellulose Iβ 
has a monoclinic two-chain crystal structure and is the more thermodynamic-favored 
crystal structure generated upon annealing at high temperatures.
123a, 206
 DAP also 
produces characteristic increases in the content of paracrystalline cellulose and 
simultaneous decreases in the relative proportion of amorphous cellulose. The above 
phenomena in conjunction with decreases that occur in cellulose DP during DAP (until a 
‘level-off’    is reached) suggest that preferential degradation or removal of amorphous 
cellulose, and/or a hydrothermal annealing-like process, orders amorphous cellulose and 
expands cellulose crystallite dimensions.
207





 results also show increases in cellulose crystallite dimension 
with DAP, which has been attributed to an irreversible process of cellulose co-
crystallization and described as similar to hornification. In both cases, changes occurring 
in cellulose ultrastructure upon pretreatment require elevated temperatures and seem to 
be related to overcoming a kinetic barrier. 
 
Lignin can act as a physical barrier, encapsulating and confining cellulose. This impacts 
enzymatic digestibility negatively.
187b, 209
 However, if hydrothermal annealing of 
cellulose or cellulose co-crystallization processes are the major drivers for deleterious 
change in cellulose ultrastructure, the presence of lignin during pretreatment could retard 
those changes from occurring. This suggests, in the absence of an intact hemicelluloses 
and lignin matrix at pretreatment (elevated hydrothermal) conditions, that: removal of the 
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lignin barrier layers causes cellulose crystallites to have an increased propensity to co-
crystallize and coalesce through irreversible hydrogen bonding; removal of the lignin 
barrier layers and lack of spatial confinement causes cellulose crystallites to have an 
increased propensity to expand through cellulose annealing and conversion of amorphous 
to crystalline cellulose; and/or removal of the lignin protecting layers causes the 
pretreatment severity experienced by the cellulose to be higher, not altering, but simply 
increasing the effect of pretreatment on cellulose ultrastructure. In combination with 
previous studies about the complete delignification resulting in the lower sugar 
release,
187b
 this finding could have significant implications, for example, on how 
genetically modified low-lignin plants are pretreated for enzymatic hydrolysis. Also, 
establishing a correlation between lignin content and the changes that occur in cellulose 
ultrastructure during pretreatment could help elucidate the mechanisms that are 
responsible for cellulose CrI and crystallite size increase during DAP. In order to 
investigate the effect of lignin content within the presence of an intact lignin-
carbohydrate complex has on changes occurring to cellulose ultrastructure during DAP, 
and consequently enzymatic hydrolysis, Populus trichocarpa x Populus deltoides 
substrates with controlled lignin contents were prepared and then pretreated. 
 
5.2 Experimental Section 
5.2.1 Materials 
Poplar samples and chemicals were prepared as described in Chapter 3 (3.1.1 and 3.1.2). 
Baseline poplar (P. trichocarpa x P. deltoides) samples were harvested between 2007 and 
2008 by the National Renewable Energy Laboratory (NREL) at area 0800 at Oak Ridge 
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National Laboratory,  ennessee, United States.  ellulase ( ccellerase™ 1500, Lot 
number: 1681198062) and xylanase (Accellerase XY, Lot number: 4901131618) were 
generously provided by DuPont Industrial Biosciences (Palo Alto, California, United 
States). 
 
5.2.2 Poplar Samples under Partial Delignification and Dilute Acid Pretreatment 
Partial delignification and DAP were carried out following procedures described in 
Chapter 3 section 3.2.2. 
 
5.2.3 Carbohydrates and Klason Lignin Analysis 
The extractive-free biomass including native and treated samples were analyzed 
according to the NREL standard method for the determination of structural carbohydrates 
and lignin in biomass as described in Chapter 3 section 3.3.1. 
 
5.2.4 ATR-FTIR Spectroscopy Analysis of Native and Pretreated Poplar 
To investigate and quantify chemical changes in untreated and pretreated poplar samples 
with controlled lignin content, a PerkinElmer Spectrum 100 FTIR spectrometer with a 
universal attenuated total reflectance (ATR) sampling accessory (Perkin-Elmer Inc., 
Wellesley, MA, United States) was used, and detailed procedure is described in Chapter 3 
section 3.3.2.  
 
5.2.5 Cellulose Sample Preparation for CP/MAS 13C NMR and GPC 
Procedure is described in Chapter 3 section 3.2.4 and 3.2.5. 
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5.2.6 CP/MAS 13C NMR and GPC Analysis of Cellulose 
Cellulose isolated from native and treated poplar was measured by GPC and CP/MAS 
13
C NMR as described in Chapter 3 section 3.3.4 and 3.3.9.1. 
 
5.2.7 Wide-angle X-ray Diffraction Analysis of Native and Pretreated Poplar 
Detailed procedure is described in Chapter 3 section 3.3.3.  
 
5.2.8 Simons’ Staining 
Detailed procedure is described in Chapter 3 section 3.3.5. 
 
5.2.9 Down-scaled Enzymatic Sugar Release Assay 
Enzymatic hydrolysis of native and pretreated poplar samples was carried out based on 
procedure described in Chapter 3 section 3.3.6. 
 
5.3 Results and Discussion 
5.3.1 Cell Wall Compositional Analysis 
Carbohydrate and Klason lignin (K-lignin) content for the untreated, delignified, and 
dilute acid pretreated poplar solids are reported in Figure 32. DAP as a cost-effective 
pretreatment method that significantly reduces lignocellulosic recalcitrance by removing 
hemicellulose, disrupting lignin-hemicellulose matrix, and redistributing lignin.
30
 
Delignification (holocellulose pulping) of the native poplar with starting K-lignin of 
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about 23 wt% (Table 14 PL23-t0; t indicates DAP time in minutes) for 15 minutes 
resulted in a K-lignin content of about 19 wt% (PL19-t0 sample) and increased the 
relative glucan and xylan contents in the residual solid from 49 to 56% and 22 to 23%, 
respectively. Further, delignification for an additional 15 minutes dropped lignin content 
to about 14 wt% (to produce the PL14-t0 sample), however, there was little change in the 
relative glucan and xylan contents. Based solely on this data, it seems reasonable to 




Figure 32 Klason lignin, glucan, and xylan contents from dilute acid pretreated poplar 
with reduced lignin contents. Sample code with definition is in Table 14. 
 
When native poplar sample (PL23-t0) was subjected to DAP for 15 minutes (to produce 
sample PL23-t15), there was a significant reduction of xylan from 21 to 1% (PL23-t15), 






















residence time of DAP was extended to 35 minutes, the residual solids had a slightly 
lower relative glucan and higher relative lignin content than the solids collected after 15-
minutes pretreatment. This could be a result of hydrolytic degradation of cellulose but 
also, in part, result from the re-polymerization of polysaccharide degradation products 
forming pseudo-lignin.
115
 Delignification of poplar followed by DAP resulted in a similar 
initial increase in relative glucan and Klason lignin contents, but a slight decrease in 
relative glucan content with increasing DAP residence time. Though delignification to a 
greater extent, followed by DAP, seems to correspond with greater magnitudes of 
change. 
 
5.3.2 ATR-FTIR Spectroscopy Analysis 
Relative changes in cell wall chemistry can be extracted from various absorption bands 
and presented in Table 20. The normalized Fourier transform infrared (FTIR) absorption 
spectra of lignocellulose at a band position of 1,424 cm
−1
 is primary due to the presence 
of cellulose, specifically the CH2 scissor motion of cellulose.
31a, 210
 A decrease in the 
spectral band at 1,424 cm
−1
, as well as other cellulose specific spectral bands, can be used 
to determine possible degradation isolated to cellulose during sodium chlorite 
delignification followed by pretreatment. An increase in spectral intensity at 3,340 cm
−1
 
represented an increase in cellulose-hydrogen bonding and indicated possible co-
crystallization. Spectral intensity at 2,900 and 1,367 cm
−1
 was attributed to C-H bond 
stretching and relative decreases in those bands suggested general degradation to the 
biomass was occurring based on the removal of methyl and methylene groups. After DAP 
the reduction in the band intensity from around 1,740 cm
−1




 typically indicated possible cleavage of association of 
polysaccharide with lignin and the removal of acetylated hemicellulose. The presence of 
acetyl groups have long be thought to inhibit enzymatic hydrolysis, and the de-
acetylation that occurred during DAP suggested hemicelluloses hydrolysis that would 
facilitate the cellulose hydrolysis to sugar conversion.
212
 In all substrates after DAP, 
spectral intensity increased at 1,595 and 1,510 cm
−1
 representing aromatic rings,
31a, 213
 
indicated the increase in Klason lignin content after DAP. The reduction of spectral 
intensity at 1,240 cm
−1
 in all pretreated samples was tentatively attributed to the cleavage 
of acetyl groups. In addition, FTIR semi-quantitative analysis can examine the relative 
structural change in cellulose crystalline and amorphous components. The reduction of 
ratio Iα/Iβ suggested the reduction of Iα and/or the increase of Iβ, and/or cellulose 
crystalline allomorph transformation from Iα to Iβ. The increase of ratio 1,100/900 cm
−1
 
plus a reduction in 900 cm
−1
 suggested that the cellulose amorphous components were 
degraded to some extent and that amorphous cellulose could be transformed into 
crystalline cellulose. 
 
Table 20 Relative changes in poplar samples after dilute acid pretreatment by Fourier 
transform infrared spectroscopy. Sample code with definition is in Table 14. 
Band 
position 



















3340 O-H stretching, related to 
cellulose-hydrogen bonds 
1.7 1.6 1.5 2.1 1.9 2.2 2.1 1.8 2.3 
2900 C-H stretching, related to 
methyl/methylene  
0.8 0.8 0.9 0.9 0.8 1.0 0.9 0.8 1.1 
 115 
1740 Carbonyl bonds ascribed 
to hemicelluloses 
1.3 -- -- 1.6 -- -- 1.5 -- -- 
1595 Lignin aromatic ring 
stretch 
0.7 0.8 0.8 0.6 0.7 0.7 0.5 0.5 0.7 
1510 Lignin aromatic ring 
stretch 
0.6 0.9 1.0 0.5 0.8 0.8 0.4 0.7 0.7 
1424 CH2 scissor motion in 
cellulose 
1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
1367 Aliphatic C-H stretch in 
CH3 
1.1 0.9 0.8 1.3 1.1 1.1 1.4 1.2 1.1 
1265 Ester absorption with 
uronic acid 
-- 1.1 1.2 -- 1.2 1.1 -- 1.3 1.2 
1240 C-O absorption from 
acetyl group cleavage 
1.6 1.3 1.2 2.2 1.1 1.0 2.0 1.2 1.1 
1059 C-O stretch in secondary 
alcohol 
5.0 3.6 3.4 -- 4.0 4.3 -- 5.3 4.9 
1100/900 Crystalline to amorphous 
cellulose ration 
3.0 4.4 4.5 2.9 3.7 4.5 2.7 4.1 4.4 
750/710 Iα/Iβ 0.9 0.6 0.4 0.3 0.3 0.2 0.3 0.3 0.2 
900 Amorphous cellulose 1.1 0.6 0.6 1.2 0.8 0.8 1.2 0.9 0.7 
 
5.3.3 Cellulose Degree of Polymerization 
The cellulose average DP was determined following virtually complete lignin and 
hemicellulose removal and then using a published gel permeation chromatography (GPC) 
procedure.
30
 The cellulose DP results were used to determine the ratio of terminal to 
interior β-glucosidic bonds that can be effectively used to analyze the relative change in 
cellulose chain length. Figure 33 shows the effect delignification and DAP had on poplar 
cellulose number-average DP (DPn) and weight-average DP (DPw). Delignification alone 
had a very limited effect on either DPn or DPw, displaying at most a 5% reduction. This 
result is in good agreement with a previous study analyzing the effect of holocellulose 
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pulping on cellulose molecular weight.
187c
 However, DAP caused dramatic reductions in 
cellulose DP with increased residence time. The fact that a large portion of the cellulosic 
component had been hydrolytically degraded during DAP could have had large 
implication on concurrent changes in cellulose ultrastructure, specifically the change of 
cellulose crystallinity. However, significant differences between cellulose DP for the 
sample that was subjected to DAP only and samples that was delignified with sodium 
chlorite followed by DAP were not detected. This is most likely a result of the cellulose 





Figure 33 Number and weight average degree of polymerization of cellulose. DPn: 
number-average degree of polymerization DPw: weight-average degree of 
































5.3.4 Cellulose Ultrastructure and Crystallinity by NMR 
In an effort to better understand the detailed ultrastructural changes occurring within 
cellulose during partial delignification followed by DAP, 
13
C cross-polarization (CP) 
magic-angle spinning (MAS) NMR spectroscopy experiments were applied to isolated 
cellulose to determine the relative intensity of crystalline and amorphous ultrastructural 
components of cellulose, following published procedures.
48, 184b
 These results were then 
used to support observations made via FTIR analysis and to understand how crystalline 
and amorphous ultrastructural components of cellulose vary as a result of DAP and 
delignification followed by DAP. 
 
Cellulose % crystallinity or CrI was obtained via two-peak integration of the 
13
C 
CP/MAS spectrum of isolated cellulose. Cellulose CrI was calculated by taking the ratio 
of the integral of the cellulose C4-crystalline carbon region (δ approximate to 85 to 92 
ppm) over the integral of whole cellulose C4-carbon region (δ approximate to 80 to 92 
ppm), and the results are shown in Figure 34. Delignification alone had little effect on 
cellulose CrI, in contrast, DAP generated an increase from 57 to 65%, approximately. 
Extended DAP residence time caused a further increase in the cellulose crystallinity, and 
this trend continued for samples that were subjected to delignification followed by DAP. 
This increase in cellulose CrI with pretreatment, in part, resulted from the preferential 
hydrolysis and removal of amorphous cellulose, an inference supported by the FTIR 





Figure 34 Percent crystallinity of cellulose from dilute acid pretreated poplar with 
reduced lignin contents. Sample code with definition is in Table 14. 
 
The relative proportion of cellulose crystalline allomorphs, including Iα, Iβ, and 
paracrystalline and amorphous cellulose at accessible and inaccessible fibril surfaces can 
also be extracted from the same C4-carbon region in the 
13
C CP/MAS spectrum of 
isolated cellulose using a more complex seven-peak model and a least-squared non-linear 
fit. The results of this analysis are shown in Figure 35. Delignification seems not to have 
a significant effect on cellulose ultrastructure for both crystalline and amorphous 
components, which is in good agreement with a previous study analyzing the effect of 
acidified sodium chlorite treatment on pure cellulose.
187b
 However, DAP caused an 
observed increase in relative cellulose Iβ content, which was accompanied by a reduction 
in resonances representing cellulose Iα+β and Iα content, suggesting cellulose Iα was 
subject to preferential degradation and/or transformation into cellulose Iβ during 
hydrothermal conditions. The latter would occur via H-bonding disruption and 






















 Para-crystalline cellulose is a form of cellulose that is less ordered than 
crystalline cellulose but more ordered than amorphous cellulose, and has been proposed 
to exist on the sub-surface of crystallites as a thin molecular layer.
214
 Further ordering of 
amorphous cellulose into these para-crystalline layers could contribute to the observed 
increase in CrI and expansion of the crystalline lattice. All pretreated samples had a 
higher relative intensity for paracrystalline than the native or solely delignified samples. 
 
 
Figure 35 The relative % cellulose crystalline allomorphs, para-crystalline cellulose and 
cellulose fibril surface. Para: para-crystalline cellulose; Inacc: Inaccessible fibril surface; 
Acc-1, Acc-2: Accessible fibril surface. Sample code with definition is in Table 14. 
 
Two forms of non-crystalline cellulose have been identified within the C4-carbon region 
in a 
13
C CP/MAS spectrum of isolated cellulose, amorphous cellulose at accessible and 

























Inacc  ±1.4 (%)
Iβ ±0.4 (%) 
Para ±1.1 (%)
Iα+β ±0.3 (%) 
Iα± 0.3 (%) 
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accessible and inaccessible fibril surfaces is also shown in Figure 35. Delignification did 
not alter the inaccessible fibril surfaces but slightly decreased accessible surfaces, 
however, DAP generated obvious reduction in inaccessible and accessible surfaces. In 
conjunction with GPC and crystallinity results, it could suggest hydrolysis and 
degradation of amorphous cellulose is kinetically favored over that of crystalline 
cellulose during DAP, longer residence time could cause cellulose recrystallization into 
crystalline Iβ, which proceeds with induced hydrogen bonding process in solvent of high 
polarity acidic system. 
 
In addition to the relative proportion of cellulose crystalline allomorphs and amorphous 
cellulose at accessible and inaccessible fibril surfaces, the C4-carbon region in a 
13
C 
CP/MAS spectrum of isolated cellulose along with a simple geometric cellulose fibril 
model
215
 can estimate the average lateral fibril dimension (LFD) and lateral fibril 
aggregate dimension (LFAD) of cellulose. The results of this analysis are shown in 
Figure 36. Delignification had little effect on LFD but generated an increase in LFAD 
from approximately 35 to 39 nm, which could be attributed to lignin removal.
50b, 216
 DAP 
seems to cause an increase in LFD and LFAD, where the extent of increase was directly 
correlated to the increase in pretreatment residence time. The effect of DAP on the 




Figure 36 Lateral fibril dimension (LFD) and lateral fibril aggregate dimension (LFAD) 
of treated poplar cellulose. Sample code with definition is in Table 14. 
 
5.3.5 Cellulose Crystallite Size Analysis 
Wide-angle X-ray diffraction (WAXD), a more traditional but also complementary 
technique to NMR spectroscopy to extract information detailing cellulose ultrastructural 
features, is particularly sensitive to crystalline region due to their regular or repetitive 
arrangement of atoms. Two important measureable parameters are dhkl, distance between 
atomic planes perpendicular to (hkl) direction and Lhkl, the distance or size of crystalline 
order in the (hkl) direction. As shown in Figure 37, delignification, DAP and 
delignification followed by DAP increased cellulose crystallite size to different extents. 
The increasing trend of cellulose crystallite size was in good qualitative agreement with 
the cellulose fibril dimensions extracted from NMR spectroscopy in Figure 36. DAP 
increased cellulose crystallite size of delignified substrates from 3.0 to 3.1 nm to 4.0 to 
4.2 nm, which is interesting because scattering studies of sliced intact poplar samples 
indicate the cellulose fibril-fibril distance is approximately 4.0 nm,
188























the crystallite size beyond 4.0 nm implies neighboring microfibrils coalesce by expelling 
any interstitial biopolymer or solvent. Cellulose microfibril coalescence would be mainly 
reflected in a decrease of accessible cellulose surfaces, enlargement of LFADs, and the 
increase of cellulose% crystallinity. Moreover, the increase in the FTIR absorption bands 
ester linkages of covalent lactone bridges through esterification process could relate to 
occurred hornification,
188
 and the change of hydrogen-bonded hydroxyl group in poplar 
samples subjected to severely delignification followed by DAP also supports the 
cellulose crystallites growth via co-crystallize and coalesce. 
 
 
Figure 37 Crystallite size (L200) for different treated poplar samples. Sample code with 
definition is in Table 14. 
 
5.3.6 Simons’ Stain 
The changes of cellulose accessibility to cellulase caused by DAP and delignification 
followed by DAP were also evaluated to further study lignin impact on the accessible 































been used to evaluate the accessibility of a lignocellulosic substrate by applying two 
dyes: Direct Blue (DB) 1 and Direct Orange (DO) 15.
217
 DB 1 has a well-defined 
chemical formula with a molecular diameter of approximately 1 nm, whereas DO 15 is a 
poly-condensation product of 5-nito-o-toluenesulfonic acid with a molecular diameter in 
the range of approximately 5 to 36 nm. These two dyes absorb different wavelengths of 
light, have different molecular sizes, and most importantly, have different binding 
affinities for cellulosic surfaces. Therefore, the ratio of DO 15 and DB 1 dye (O/B) 
adsorbed into the biomass can be used to indicate the relative accessibility of cellulose in 
a lignocellulosic substrate. Arantes and Saddler
218
 found that the higher the O/B ratio, the 
lower the protein loading required for efficient hydrolysis. However, it is also necessary 
to analyze the maximum amount of DO 15 adsorbed especially when large amounts of 
the smaller DB 1 dye are adsorbed by a substrate and cause a decrease in the overall O/B 
ratio. In this case, there may be a significant amount of large pore and cellulose 





As shown in Figure 38, the DO 15 adsorptions for samples which had not been subjected 
to DAP (PL23-t0, PL19-t0, and PL14-t0) were 21.8, 23.1, and 29.7 mg/g. This increase in 
DO 15 adsorption suggests delignification increases cellulose accessibility to some 
extent. For all samples under DAP for 35-minutes residence time, significant increases in 
the amount of DO 15 adsorbed were observed. The PL23-t0, PL19-t0, and PL14-t0 
samples displayed an increase from 21.8 to 68.5 mg/g, 23.1 to 70.4 mg/g, and 28.7 to 
72.5 mg/g, respectively after DAP for 35 minutes. This result indicated that DAP 
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significantly increased cellulose accessibility such that appreciable amounts of enzymes 
could have access to cellulose in spite of the fact that DAP actually increases the Klason 
lignin content. This suggested the increased cellulose accessibility was mainly due to the 
hemicellulose removal,
79c
 lignin-hemicellulose phase separation,
188
 and/or lignin 
redistribution caused by DAP. 
 
 
Figure 38 The maximum amount of direct orange 15 dye and direct blue 1 dye adsorbed 
by untreated and pretreated poplar. Sample code with definition is in Table 14. 
 
5.3.7 Enzymatic Sugar Release 
Cellulose ultrastructural changes, measured as a function of pretreatment severity, were 
evaluated using enzymatic sugar release assays. Sugar yields were calculated through 
dividing the glucose contents in enzymatic hydrolysis liquid from native, delignified, and 
dilute acid pretreated poplar samples by the glucan contents from carbohydrate analysis 
on those native and treated starting materials. Figure 39 summarizes the glucose yield 



































unpretreated sample. DAP on undelignified substrate produced a 60% sugar yield (PL23-
t35), and delignification without DAP also produced a 57.5% yield (PL14-t0). However, 
initial delignification followed by a second DAP step dramatically enhanced downstream 
enzymatic hydrolysis to facilitate sugar yields of approximately 80% for PL14-t35. In 
addition, P14-t0 with a lower cellulose accessibility (Figure 38) and higher sugar yield 
than P23-t15 suggests delignification could contribute more to the extent of enzymatic 
hydrolysis than DAP, as delignification enhances both enzymes macro-accessibility to 





Figure 39 Glucose yields as a result of downscaled enzymatic hydrolysis. Sample code 
with definition is in Table 14. 
 
Enzymatic hydrolysis of cellulosic biomass is restricted by substrate recalcitrant factors 
and influenced by treatment methods. In combination with the results above, reduction in 
poplar cellulose DP caused by DAP could increase cellulose chain-reducing ends,
86b
 and 























amenable to enzymatic deconstruction.
220
 The increase of cellulose accessibility to 
cellulases caused by DAP is mainly due to the expansion of the pore size and volume, 
and the increase of a specific surface area, which thereby improve cellulases adsorption 
on cellulose surface.
91, 221
 The inevitable increase of cellulose crystallinity and crystallite 
size with microfibril coalescence after DAP seems to have a negative effect on enzymatic 
hydrolysis since crystalline regions reduce the resulting enzymatic degradation of 
cellulose.
204
 However, some changes on cellulose crystalline allomorphic states may be 
beneficial to enhance the sugar yield in enzymatic hydrolysis, such as the increased 
proportion of paracrystalline cellulose. It is believed to be located on the surface of 
crystallites as thin monocellular layers which weaken the crystallites, increase cellulose 
dissolution and accessibility to reagents, and cause intra-lattice swelling.
214
 Furthermore, 
studies of acidified sodium chlorite treatment on Avicel cellulose with different 
crystallinities have proved that those minimal changes on crystalline and amorphous 
cellulose by sodium chlorite had no detectable effect on cellulose digestibility,
187b
 which 
suggests the major role of sodium chlorite treatment on biomass is removing lignin with 
intact cellulose left, and thereby enhancing the cellulose digestibility. 
 
Lignin content and distribution had a more pronounced effect on biomass recalcitrance 
and enzymatic digestibility, especially for poplar.
209
 However, complete lignin removal 
on corn stover by sodium chlorite treatment following DAP has been found to reduce 
cellulose conversion,
187b
 which was proposed to be attributed to cellulose microfibril 
aggregation in the absence of lignin and hemicellulose. This was confirmed by our NMR 
and WAXD analysis that indicated lignin presence played a key role in preventing 
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cellulose crystallites increased propensity to co-crystallize and coalesce during DAP, 
which therefore suggested partial delignification instead of complete lignin removal 
could better benefit the sugar yield. Furthermore, partial delignification with 
hemicelluloses removal during DAP retained cell wall spatial structure without 
elimination of all lignin spacer, increased specific surface area, reduced its irreversible 
adsorption to the enzyme,
95a, 222
 and, to limited extent, caused the cellulose fibril 




This study is another important step in providing the required data for a comprehensive 
analysis of biomass in an effort to optimize the integrated operations of pretreatment and 
enzymatic hydrolysis. In particular, key molecular features related to biomass 
recalcitrance, specifically cellulose ultrastructure and accessibility were, studied. In the 
absence of lignin spacer along with hemicellulose removal after DAP, changes occurred 
to cellulose ultrastructure include increases in cellulose% crystallinity, cellulose 
crystallite size, cellulose crystalline transformation, and cellulose accessibility 
accompanied by a decrease of cellulose DP. NMR and WAXD results indicated that 
lignin presence played a key role in preventing cellulose crystallite co-crystallization and 
coalescence during DAP. This indicates lignin acts as a barrier which restricts cellulose 
crystallinity increase and cellulose crystallite growth, and that partial delignification 
instead of complete lignin removal is better for enhanced sugar yield. 
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CHAPTER 6  
INVESTIGATION OF STRUCTURAL TRANSFORMATION OF 
POPLAR AND SWITCHGRASS CELLULOLYTIC ENZYME 





Lignocellulosic biomass is one of the most abundantly sustainable resource for biofuels, 
biochemicals and biobased products production not only to meet the growing global 
demand for green energy and materials but also to decrease greenhouse gas emissions 
from fossil fuels.
223
 To fully realize this potential, in-depth understanding of 
lignocellulosic recalcitrance which refers to plant cell wall’s inherent resistance to 
deconstruction from microbes and enzymes needs to be advanced. Among numerous 
biomass features that contribute to the recalcitrance of biomass, lignin is considered as 
one of the most recalcitrant components in the plant cell wall
8, 72, 224
 because of its 
structure, content, distribution and associations with plant polysaccharides within the cell 
wall.
104, 225
 Lignin is derived from hydroxycinnamyl monomers with various degrees of 
methoxylation forming a racemic, cross-linked, and highly heterogeneous aromatic 
                                                 
3 This manuscript was entitled as ― Investigation of Structural Transformation of Isolated Poplar and 
Switchgrass Lignins from Dilute Acid Pretreatment. The other authors are Yunqiao Pu, Xianzhi Meng, 
Tyrone Wells, Jr. and Art J. Ragauskas from School of Chemistry and Biochemistry at Georgia Institute of 
Technology; Biosciences Division, Oak Ridge National Laboratory; and Department of Chemical and 
Biomolecular Engineering; Department of Forestry, Wildlife, and Fisheries, Center for Renewable Carbon, 




 Lignin and hemicellulose are embedded between and around cellulose 
microfibrils, providing rigidity and structural support to plant cell walls, which were 
evolved over millions of years to resist biological and chemical attack. This native 
structural complexity and inhibition becomes a major barrier in biomass deconstruction 




To date, the biochemical conversion of lignocellulosic biomass to biofuels most often 
involves three essential steps: pretreatment to reduce the inherent plant cell wall 
recalcitrance, enzymatic hydrolysis to deconstruct polysaccharides into fermentable 
sugars, and fermentation to convert those sugars into ethanol. The goal of pretreatment is 
to modify physiochemical features of plant cell wall so that the resulting biomass is more 
amenable to enzymatic deconstruction. Dilute acid pretreatment (DAP) has been 
recognized to be one of the most effective pretreatment technologies that can enhance 
biomass sugar yield.
226
 The important role of lignin morphological and structural change 
after DAP in enzymatic hydrolysis has been the target of several studies but is still under 
considerable debate. Study of morphology change has revealed that lignin tends to 
coalesce into larger aggregates accompanying with their relocalization and deposition as 
droplets on the surface of biomass cell walls during DAP as the reaction temperatures are 
above the melting point of lignin. This effect is proposed to open up the cell wall matrix 
structure and thereby improve the cellulose accessibility for enzymes.
103b
 Recent studies 
have also revealed that the efficiency of downstream enzyme hydrolysis was impeded 
due to the blockage of the cellulose surface layer by lignin droplets, prevention of 
enzymes accessibility to inner layers,
227
 and the formation of cellulase-lignin interactions 
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to deactivate the enzymes.
101
 As a result, no clear picture was given up to date about 
lignin chemistry nature and how these structural changes limit efficient sugar release. 
 
More recent work, which investigated the fate of cellulolytic enzyme lignin under 
autohydrolysis pretreatment conditions, reported a drastic decrease in the molecular 
weight 
228
 that is different from those research investigating the changes in structural 
characteristics of lignin isolated from pretreated biomass.
62b, 229
 This difference in lignin 
fate during pretreatments is attributed to the partial protection of lignin by 
polysaccharides in the compact biomass matrix.
228
 This suggests understanding lignin 
structural parameters relevant to plant cell wall recalcitrance and how those parameters 
individually and synergistically affect enzymatic saccharification are vital for improving 
current bioconversion process.  
 
In order to provide fundamental information of lignin chemistry under dilute acid 
pretreatment at high severity with the least influence of plant cell wall polysaccharide 
biopolymers, cellulolytic enzyme lignin isolated from bioenergy crops, poplar and 
switchgrass, were pretreated with 0.1 M H2SO4 at 160 °C for 0-20 min residence time 




H heteronuclear single 
quantum coherence (HSQC) nuclear magnetic resonance (NMR) spectroscopy, 
phosphitylation followed by 
31
P NMR and gel permeation chromatography (GPC) 
analysis (Sample code Poplar-0: indicates native lignin isolated from poplar; SWG-0: 
native lignin isolated from switchgrass; P-160-20: poplar lignin subjected to DAP at 160 
ºC for 20 min; SWG-160-20: switchgrass lignin subjected to DAP at 160 ºC for 20 min). 
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6.2 Experimental Section 
6.2.1 Materials 
Poplar and switchgrass samples plus chemicals for biofuel study were prepared as 
described in Chapter 3 (3.1.1 and 3.1.2). 
 
6.2.2 Enzymatic Isolation of Lignin 
Cellulolytic enzyme lignin isolated from bioenergy crops, poplar and switchgrass was 
described in Chapter 3 section 3.2.6. 
 
6.2.3 Dilute Acid Pretreatment of Cellulolytic Enzyme Lignins 
DAP of lignin was described in Chapter 3 section 3.2.7. 
 
6.2.4 GPC Analysis of Lignin 
Analyzing procedure was described in Chapter 3 section 3.3.4. 
 




H HSQC and 
31
P NMR spectroscopy analysis of lignin structural changed were 
described in Chapter 3 section 3.3.9.2 and 3.3.9.3. 
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6.3 Results and Discussion 
6.3.1 Molecular Weight Analysis of Lignins 
To determine the effect of DAP conditions on the molecular weight of lignin, untreated 
and pretreated lignin samples were acetylated and subsequently analyzed by GPC and 
these results are summarized in Figure 40. There was a drastic decrease in molecular 
weights of pretreated lignins within a short 5 min residence time (i.e., Mw of poplar lignin 
from 12,000 to 1560 g/mol; Mw of switchgrass lignin from 6800 to 1590 g/mol) followed 
by a leveling-off with increasing residence time. The GPC analysis also revealed that the 
most significant increase in PDI occurred after a 2 min DAP which is then accompanied 
by a decrease with longer residence time, which could be attributed to the behavior of Mn 
and Mw. Compared with previous studies reporting that Mw of lignin isolated from 
pretreated switchgrass and poplar was reduced by 16.8% and 3.2% respectively,
62b, 115, 229
 
it could be concluded that the protection of polysaccharides in plant cell walls offset this 
significant decrease in the molecular weight of lignin. This suggests in the absence of 
intact cellulose and hemicelluloses at elevated hydrothermal conditions, lignin is 
subjected to a significant de-polymerization in a very short residence time, which is 





Figure 40 Molecular weight change of cellulolytic enzyme lignin after DAP at various 
residence time. (I) Weight average molar mass (Mw), (II) Number average molar mass 
(Mn), (III) polydispersity index (PDI). 
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6.3.2 Structural Analysis of Lignins by NMR 
2D-HSQC NMR semi-quantitative analysis of untreated and pretreated lignin samples 
provided the evidence of structural changes in lignin side chain and aromatic regions 
during DAP. The cross peaks were assigned by comparing with literature data and 
summarized in Figure 41.
62b, 230
 The major inter-units observed in untreated raw poplar 
and switchgrass lignins were the β-aryl ether linkages (A) with accompanying β-5/β-O-4 
phenylcoumaran (B) and resinol (C) units. The presence of lignin syringyl (S), guaiacyl 
(G), p-hydroxybenzoate (PB), and cinnamaldehyde (E) units was confirmed in poplar 
lignin by the separate contour in the aromatic range, while syringyl, guaiacyl, p-
hydroxyphenyl (H), and p-coumarate (E’) units were observed in switchgrass lignin. 
 
The assessment of cross-peak intensity qualitatively suggested a decrease in intensity of 
β-aryl ether linkages as well as phenylcoumaran and resinol units for both poplar and 
switchgrass lignins as DAP residence time extended from 2 to 20 min, which are 
typically correlated with the hydrolytic degradation and/or de-polymerization consistent 
with the observed molecular weight changes. Compared to switchgrass lignin, a more 
noticeable decrease in poplar lignin aromatic signal intensities of PB, and G units was 
observed under the same DAP conditions.  In addition, the HSQC analysis revealed the 
signal intensity of E unit in untreated poplar lignin dramatically diminished after DAP for 
2 min. Moreover, there were still traces in E’ unit in switchgrass lignin after     for 20 
min. Interestingly, HSQC NMR spectra indicated the presence of the polysaccharides 
(δC/δH 95.0-105.0/4.2-4.5) associated with lignin-carbohydrate linkages in untreated 
poplar and switchgrass cellulolytic enzyme lignins. The degradation of lignin-
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carbohydrate linkages suggested those linkages in switchgrass were more resistant to 
DAP degradation than the comparable poplar lignin carbohydrate complexes. This could 






Figure 41 Selected 2D-HSQC spectra of poplar and switchgrass cellulolytic enzyme 
lignins before and after    .  : β-O-4 ether; B: phenylcoumaran; C: resinol; G: 
guaiacyl; S: syringyl; S’: syringyl units with oxidized α–ketone; H: p-hydroxyphenyl; 




To further investigate the fundamental chemistry of lignin during the DAP during the 
pretreatment processes, quantitative 
31
P NMR technique was applied to monitor the 
changes of aliphatic, phenolic hydroxylic and carboxylic functional groups in poplar and 
switchgrass lignins after DAP at different residence times and the results were shown in 
Figure 42. The relative increase of aliphatic and phenolic OH groups after 2 min DAP 
can be attributed to the cleavage of aryl ether linkages and a concomitant increase in free 
phenolics which could allow for lower molecular weight oligomers of lignin to be 
solubilized. This reaction pathway is supported by the observation of the increased PDI. 
Moreover, there is no noticeable change in the condensed lignin content for the 2 min 
pretreated samples which suggests that the de-polymerization reactions dominate the 
reaction pathways at the initial stage of DAP. 
 
When residence time was extended beyond 2 min, a decrease in aliphatic OH, total 
phenols and G lignins along with an increase in S and condensed lignins and carboxylic 
acids were observed. The reduction in lignin side chain aliphatic hydroxyl contents 
resulted not only from the hydrolytic degradation of carbohydrate residue linked to 
lignin, but also from transformation of lignin α-OH, -OH groups into ketone, aldehyde 
and/or alkene structures like stilbene substructures.
229
 The increase in phenolic S units 
content in both switchgrass and poplar lignin indicated that syringyl unit in lignin 
underwent a greater extent of ether linkage cleavage during the pretreatment. This could 
be attributed to the lacking of association and protection of lignin by cellulose and 
hemicelluloses in biomass matrix.
62b, 229
 Furthermore, the larger values of carboxylic acid 
groups in pretreated switchgrass lignins were mainly attributed to the hydrolysis of p-
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coumarate units, and partially from the cleavage of the ester bonds from lignin-
carbohydrate linkages. This is proposed to improve enzymatic hydrolysis due to the 






Figure 42 Hydroxyl group contents in poplar and switchgrass cellulolytic enzyme lignins 
before and after DAP calculated from quantitative 
31













Carboxylic acid OH(133.6 – 136.6ppm) 
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In addition, the possible mechanistic pathways associated with these structural changes 
during DAP are proposed in Figure 43. Both switchgrass and poplar lignins are subjected 
to a de-polymerization reaction at the earlier stage of DAP followed by a competition 
between de-polymerization and re-polymerization reactions at a later pretreatment stage. 
The departure of a leaving group by an SN1 process from a benzylic position (Cα of lignin 
side chain) leads to the formation of resonance-stabilized benzylic carbocation 
intermediate that could be involved into the key rate-determining step for a reaction and 
thereby direct the following lignin de-polymerization and re-polymerization under 
hydrothermal conditions. The resonance stabilized carbocation facilitates several 
potential condensed structures to formed, such as β-5 and α-5 linkages.  
 
Given the results above and previous studies regarding higher severities favoring more 
condensation reactions,
231
 in which higher temperature and longer residence time 
overcome the higher energy barrier and ultimately produce the equilibrium mixture of 
condensed lignins, the competition of lignin de-polymerization and re-polymerization 
could turn into the competition of kinetic and thermodynamic influence on lignin 
structural changes during DAP. 
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Figure 43 Proposed mechanistic pathway for cellulolytic enzyme lignin de-




Lignin was isolated from poplar and switchgrass using a cellulolytic enzyme system and 
then treated under DAP conditions in order to determine the intrinsic chemistry of lignin 
during dilute acid pretreatment (DAP). Our results highlights that lignin is subjected to 
de-polymerization within the 2 min of dilute acid pretreatment time at 160 °C and these 
changes are accompanied with increasing values for the aliphatic and phenolic hydroxyl 
groups of lignin. This is followed by a competing set of de-polymerization and re-
polymerization reactions which lead to a decrease in the content of guaiacyl lignin units 
and an increase in condensed lignin units as the reaction residence time is extended 
beyond 5 min at 160 °C. A detailed comparison of changes in functional groups and 
molecular weights of cellulolytic enzyme lignins demonstrated different structural 
parameters related to the recalcitrant properties of lignin are altered during the 
pretreatment conditions. A better and deeper understanding of the fundamental chemical 
structure of lignin in this study, the most recalcitrant component of biomass, during DAP 
is critical to the continued growth of renewable biofuel production. 
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CHAPTER 7  
PHYSICOCHEMICAL PROPERTIES OF POPLAR LIGNIN 






Carbon fibers are one of the most important engineered materials for a variety of 
industrial applications due to its unique properties, including high stiffness and tensile 
strength, low thermal expansion and density, heat tolerance and reagent resistance. 
However, the main barriers to the large-scale production of commercial products are the 
high cost of petroleum-based precursors polyacrylonitrile (PAN) and associated 
processing costs.
232
 In an effort to address these barriers, lignin as an alternative 
precursor with low cost draws significant attention to the future manufacturing of carbon 
fiber.
233
 However, to date, lignin based carbon fibers do not offer mechanical properties 
required for many structural application. Several factors have been proposed to diminish 
physical properties of lignin carbon fiber, including structural heterogeneity, impurities 
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 Our research focuses on exploring various lignin structures and 
the associated chemistry of lignin under thermal and mechanical deformation after a 
thermal melt treatment. 
 
Lignin is one of the most abundant natural biopolymers that accounts for 10–30 wt% of 
the plant cell walls. It is a complex substituted polyphenol derived from typically 
hydroxycinnamyl monolignols (i.e., coniferyl alcohol, sinapyl alcohol, and para-
coumaryl alcohol) with different degrees of methoxylation. The polymerization of these 
monolignols in native biomass yields a racemic, cross-linked, and highly heterogeneous 
aromatic macromolecule.
198, 234
 Physical and chemical properties of lignin isolated from 
biomass depend to a large extent on its sources, syringyl (S), guaiacyl (G) and p-
hydroxyphenol (H) monomer proportions, molecular weights, degree of branching, 
isolation methods, and purity. Of the chemical structures in biomass lignin, guaiacylic 
units show greater crosslinking reaction tendency than syringylic units,
156, 235
 which result 
in more condensation reactions.
234, 236
 Most of the lignin generated by the Kraft pulping 
process and the biofuel industry is currently utilized primarily as a low-cost fuel.
223
 
Therefore, significant attention has recently turned towards large-scale use of lignin in 
various applications, especially high value-added lignin-based high performance 
materials. 
 
Current methods for the manufacturing of carbon fiber from lignin involve the 
preparation of lignin, fiber spinning, oxidative thermo-stabilization, carbonization, 
graphitization and surface treatment.
146
 The complex and heterogeneous structure of 
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lignin has in the past restricted the application of lignin in biomaterial manufacturing. In 
an effort to increase the strength and maintain the integrity of lignin fiber during 
oxidative thermo-stabilization, keep the glass transition of lignin based material above the 
process temperature, and improve downstream processing and conversion methods, it is 
essential to understand changes in the thermo-rheological properties of lignin and its 
associated chemical structure. Such an understanding would facilitate the improvement of 
materials derived from lignin. The objective of this study is to build an understanding on 
the structural parameters relevant to lignin thermal behaviour and rheological properties 
and determine how those parameters individually and cooperatively affect melt 
processing of lignin for making value-added products.  
 
The lignin syringyl/guaiacyl (S:G) ratio in biomass has been used in the past as good 
indicator of its response to pulping and biomass pretreatment.
237
 In combination with 
previous studies concerning the correlation between lignin S:G and recalcitrance,
238
 as 
well as the reported improved performance of engineered plastics with large amounts of 
guaiacyl groups,
239
 this would suggest that the S:G may have significant implications on 
how to select suitable lignin for carbon fiber production. Moreover, establishing a 
correlation between lignin S:G values and lignin structural changes that occur during 
rheological testing could help elucidate the mechanisms that occur during carbon fiber 
melt spinning. This paper investigates the thermal behaviour and structural changes 
occurring to poplar (Populus sp.) lignin with various S:G properties as a result of thermal 





C NMR), gel permeation chromatography (GPC), and 
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attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy, in 
order to provide insight into the lignin cross-linking and/or scission mechanisms under 
thermo-rheological flow field. 
 
7.2 Experimental Section 
7.2.1 Materials 
Three-year-old black cottonwood (Populus trichocarpa) clones harvested from a 
Genome-wide Association Study at Clatskanie, OR were harvested in December, 2012 as 
described in Chapter 3 section 3.1.2. 
 
7.2.2 Lignin Isolation 
Lignin isolation for carbon fiber study was described in Chapter 3 section 3.2.8. 
 
7.2.3 Lignin Characterization and Thermal Analysis 
Detailed procedure was described in Chapter 3 section 3.3.7. 
 
7.2.4 Rheological Measurement 
Melt viscosity values of the lignin samples (~ 400 mg) were measured using a strain-
controlled ARES rheometer (TA Instruments) as described in Chapter 3 section 3.3.8. 
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7.2.5 Lignin Characterization after Rheological Test 
To investigate and quantify chemical changes in lignin, a PerkinElmer Spectrum 100 
FTIR spectrometer with a universal ATR sampling accessory was used as described in 
Chapter 3 section 3.3.2. Semi-quantitative analysis of chemical group change was carried 
out by normalizing the FTIR absorption spectra at a band position of 1506 cm
-1
 
representing lignin aromatic skeletal vibration based on related studies.
240
 For GPC test, 
the lignin samples (dried under vacuum at 40°C overnight) were acetylated with acetic 
anhydride/pyridine (1/1, v/v) at room temperature for 24 h in a sealed flask under an inert 
atmosphere and prepared for molecular weight measurement, detailed procedure was 
described in Chapter 3 section 3.3.4. Phosphitylation and 
31
P-NMR have been exploited 
to quantitatively determine hydroxyl functional groups in isolated lignin. Quantitative 
31
P-NMR spectra were acquired after in situ derivatization of the lignin sample as 
described in Chapter 3 section 3.3.9.3. Further, HSQC experiments were carried out in a 
Bruker Avance/DMX 400 MHz NMR spectrometer as described in Chapter 3 section 
3.3.9.2. 
 
7.3 Results and Discussion 
7.3.1 Lignin Purity and S/G Ratio 
The values of original S/G ratios in the poplar samples used in this study are shown in 
Table 16. After solvent fractionation of lignin from the biomass, the S:G ratio in isolated 
lignin altered significantly, varying from 2.9 to 3.7. The chemical composition and S/G 
ratio of the lignin samples are summarized in Table 21. Lignins from TAG896 and 
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TAG99 which were fractionated at higher severity showed higher lignin purity at 95.30 
and 94.80 wt%, respectively. 
 




























































L: Lignin, Hm: Hemicellulose, A: Ash, S: syringyl, G: guaiacyl. 
 
7.3.2 Thermal Analysis 
The glass transition temperature (Tg) associated with all the lignin samples analyzed 
show a broad transition range (90–140 °C). The differential scanning calorimetry (DSC) 
thermograms of the samples are shown in Figure 44. We hypothesized that G moieties in 
the poplar lignin are responsible for the crosslinked structure in lignin.  It is expected that 
the sample with high S and low G content would exhibit low Tg.
241
 On the other hand, 
lignin with high G content and least S component would exhibit high Tg.
241-242
 lignin 




Figure 44 DSC thermograms of isolated lignin samples showing base line shift as glass 
transition temperature. 
 
The results from thermogravemetric analysis (TGA) of the lignin samples (ran under 
nitrogen environment) are shown in Figure 45. The pyrolysis char residue at 1000 °C 
varies from 24–38 wt%. Lignin samples with high Tg offered high pyrolyzed char content 
and, likewise, low Tg lignin samples offered the least charred residue. The TGA runs 
were conducted on as-received samples without inducing any oxidative stabilization that 
is required for carbon fiber manufacturing. This trend suggests high yield carbon can be 
obtained from highly condensed lignin structure. However, such precursor is difficult to 
melt-spin into fiber form. Thus, an optimally crosslinked structure in lignin may not be 





















TAG 750 TAG 562 TAG 1672 TAG 896 TAG 99
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Figure 45 TGA thermogram of the isolated lignin samples. 
 
7.3.3 Rheological Data Analysis 
The rheological properties of lignin play an important role in optimizing the processing 
conditions during the melt spinning of lignin carbon fiber. The flow behaviors of poplar 
lignin samples were investigated at different temperatures of 170, 180, and 190 °C. As 
shown in Figure 46, poplar lignin displayed differing time and temperature dependent 
transient viscosity profiles. At the lower temperature of 170 °C, the low S:G poplar 
samples with high Tg exhibited higher viscosity values. Although lignin from TAG99 has 
A low S:G ratio, its molecular weight value is low (will be discussed later). Thus 
viscosity values are controlled by both chemical reactivity as well as degree of de-
polymerization on the isolated lignin. Prolonged thermo-rheological shear exposure of 












































































TAG 562_190C TAG 99_190C TAG 896_190C TAG 1672_190C TAG 750_190C
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Figure 46 Relation between the shear viscosity and shear rate of poplar lignin at different 
temperatures (170, 180 and 190 ºC). 
 
The melt viscosity of the lignin samples is reduced significantly with increased 
temperature ranging from 170 to 190 ºC. The rise in viscosity at high temperature at 
prolonged thermo-rheological treatment is very high for the lignin sample TAG562 in 
which the G content is high. As expected, the TAG896 sample in which S:G ratio is very 
high exhibits a low viscosity at all temperature range and slower rise in viscosity at 
longer time. The rheo-crosslinking kinetics or chemo-rheological data analyzed based on 
equations (I) – (III) are displayed in Table 22. The equilibrium rate constants (k∞) for 
thermo-chemical reactions of lignins from TAG896 and TAG99 are significantly less 
than the other 3 samples. Both of these samples were obtained under high severity 
condition (high temperature) and have very low Tg compared to others. Although sample 
TAG99 has relatively lower S content than the other lignins, the high severity extraction 
conditions could be the reason for its anomalous reactivity. The activation energy for the 
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(k∞). The activation energy for change in viscosity due to thermal effect (ΔΕȠ/R) is low 
for lignins from TAG896, TAG562 and TAG99.    
 
Table 22 Chemo-rheological characteristics of poplar lignin.  
Sample ID k∞ (1/s) η∞ (Pa.s) ΔΕk/R (K) ΔΕȠ/R( K) 
TAG896  74  2.58 x 10-27 -4709  29059  
TAG99  43  4.19 x 10-27 -4181  28865  
TAG1672  4.5 x 107  1.14 x 10-31 -10685  34028  
TAG562  4.4 x 108  6.48 x 10-26 -11472  28409  
TAG750 1.9 x 1011  1.48 x 10-34 -14142  37244  
 
7.3.4 Molecular Weight Analysis 
GPC was employed to determine the molecular weight distribution of lignin after the 
rheology testing. Weight-average molecular weight (Mw), number-average molecular 
weight (Mn), and polydispersity index (PDI=Mw/Mn) values for the lignin samples are 
presented in Figure 47. Lignin molecular weights increased to different extents after 
rheological testing at various temperatures compared with their controlled samples. There 
was a relative decrease of molecular weight as the temperature during rheology testing 
increased from 170 to 190 °C. This decrease corresponds to their viscosity properties and 
indicates that most of the re-polymerization reactions in lignin occur at lower processing 
temperature, since the de-polymerization of lignin dominate the whole reactions at higher 
temperature.
155b
 The significant increase of molecular weight in TAG562 and TAG750 
after the rheology test at 170 ºC in conjunction with their higher viscosity values suggests 
lignin with lower S/G ratio could result in the condensing reaction to a higher extent. The 
isolated lignins TAG99 and TAG896 have lower molecular weight and smaller PDI 
 153 
values than the other lignin samples. These two samples were isolated at higher 
temperature conditions which might have led to degradation of lignin molecules by 
hydrolysis of ether linkages. TAG99 lignin is significantly depolymerized (likely that is 
why it exhibits low Tg value) and thus it behaves differently in rheological response 
discussed earlier. Viscosity data typically depends on molecular weight and its change 
depends, in part, on chemical reactivity. These two combined effect gives TAG99 
moderate viscosity behaviour and low chemo-rheologically determined rate constant 
value.  
 
In addition, lignin samples cooled under air condition after the 190 °C rheology test 
exhibited higher molecular weight than those under nitrogen. This suggests that oxygen 
during cooling could affect lignin macromolecular structure and contribute more to the 


































Figure 47 Molecular weights of lignin after rheology test. 
 
7.3.5  NMR and FTIR Analysis 
Structural changes occurring to poplar lignins as a result of the thermal rheology test 






C HSQC experiment, and semi-
quantitative ATR-FTIR analysis, in order to obtain details on chemical functionality. 
31
P 
NMR quantitative analysis was carried out to analyze the amounts and distribution of 
various hydroxyl structures as summarized in Figure 48. Compared to controlled lignin 
samples, there is a reduction in lignin aliphatic hydroxyl and carboxyl acid groups as the 




































these hydroxyl groups indicates that lignin side chain hydroxyl groups were eliminated 
the applied thermal condition, especially at higher temperature of 190°C. These cleavages 
of side chain hydroxyl groups could be attributed to the dehydration of aliphatic hydroxyl 
groups to water, sites of unsaturation and/or new formed cross-linkages bridging the 
aromatic rings. In contrast, the increased contents in guaiacyl, syringyl and catechol type 
hydroxyl groups after the rheology test at 170 °C could result from the cleavage of ether 
bonds, which was further confirmed by ATR-FTIR semi-analysis of main ether linkages 
as shown in Figure 50 The overall amount of phenols was also found to increase in the 
lignin sample after the rheology test at 170 °C, which are attributed to a noticeable 
increase of syringyl and guaiacyl OH contents followed by ether linkage scission. 
However, higher temperature (190 °C) favoring the cleavage of ether linkages, yielded 
lower amounts of phenolic OH, which could result from the intensive elimination 
reaction that transformed hydroxyl groups to water and/or double bonds of unsaturation. 
The noticeably increased amounts of terminal C5 condensed phenolic structures after 170 
°C rheology test support the above results with respect to the increase of related 
molecular weights. This suggests rheology testing at 170 °C could lead to significant 
lignin re-polymerization, thereby resulting in modified lignin with higher viscosity and 
molecular weights. In contrast, the higher temperature of 190 °C tends to prevent the 
polymerization of lignin to a large degree, and thereby generating lignin with lower 
molecular weights and lower viscosity. During the rheology test, lignin with lower S;G 
generates more cross-linkages that could exist as a bridge between the aromatic rings 
and/or as a cyclic form attached to aromatic carbons. This could be attributed to the 
active C5 induced by the cross-linking reaction in a higher proportion of guaiacyl lignins. 
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Moreover, a large amount of aliphatic OH in controlled lignin sample TAG562 and 
TAG750 would be another key factor affecting their molecular weight and viscosity 
increase during rheology test, because the strength of hydrogen bonding for primary 
versus secondary alcohols is different. Previous study has shown the presence of γ-OH 
groups strongly reduced the thermal mobility of the β-O-4 model oligomers.
244
 Therefore, 
lignin containing more aliphatic OH groups including both secondary α-OH and primary 
γ-OH groups would be shown to be more infusible during the rheology test. Moreover, 
lignin under nitrogen cooling after the rheology test at 190 °C yielded fewer amounts of 
various hydroxyl groups than lignin under air cooling, which indicates oxygen could 
oxidize parts of lignin hydroxyl groups to carboxylic acids and introduce more 



























































Guaiacyl (139.0 – 140.0 ppm) 
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In addition, in an effort to investigate the lignin chemical structure changes under 
different cooling conditions at 190 °C, HSQC NMR of three groups of lignin were 











































Catechol (138.2 – 139.0 ppm) 
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by comparing with the literature data.
230a, 245
 In aliphatic region, the reduction in signal 
intensity of Aγ, Bβ and the signal loss in Aα, Aβ, Cα, Cβ, and Cγ indicate the decrease 
and/or loss of β-O-4 ether bonds, β-5/α-O-4 phenylcoumaran linkages, which suggest the 
scission of ether-aryl linkages during the rheology test. In the aromatic region, after the 
rheology test at 190 °C, the considerable reduction in aromatic resonances including 
syringyl and guaiacyl lignin units is in good agreement with aliphatic region change 
indicating the change of lignin side chains and possible re-polymerization reaction of 
aromatic units. The change of side-chain signals from various β-O-4 linkages that 
constitute the main inter-monomeric linkage in lignin, is a good indicator of the 
characteristics of the lignin. The significant reduction of signal intensity in β-O-4 
linkages after the rheology test at 190 °C was further confirmed by ATR-FTIR results in 
Figure 50, which indicated the re-polymerization of lignin. Interestingly, lignin under 
nitrogen cooling remained with relatively more β-O-4 ether linkages than lignin under air 
cooling. This could suggest nitrogen’s inert properties protect the lignin and result in the 
less scission of ether linkages compared to oxygen at higher temperature 190 ºC. This in 
conjunction with molecular weight and 
31
P NMR results indicate oxygen significantly 
contributes to the formation of cross-linkages among lignin molecules through a series of 
elimination, rearrangement and oxidative reactions of free radicals derived from 






Figure 49 Selective HSQC spectra of lignin after rheology test. (a) aliphatic region; (b) 
aromatic region;  : β-O-4 ether; B: phenylcoumaran; C: resinol; G: guaiacyl; S: syringyl; 
S’: syringyl units with oxidized α–ketone; PB: p-hydroxybenzoyl. 
 
 
Figure 50 Ether linkages relative ratio calculated from ATR-FTIR absorption data. 
 
Furthermore, the possible mechanistic pathways associated with these structural changes 
during the rheology test at different temperatures as a result of heat-induced association 
and dissociation behavior of lignin are proposed in Figure 51. At relatively low 
temperature, lignin samples could be mainly subjected to re-polymerization reactions 
starting from initial homolysis of Cα and/or Cβ-ether linkages (A in Figure 51) generating 
a phenoxyl (C) and 1-phenyl-2-propyl (B) radical.
246
 The formed phenoxyl radical will 
transform into their resonance mesomeric forms (C1) and thereby cause radical coupling 
reactions with C5 and/or C3 centered radicals to form new 4-O-5, 5-5’, 3-3’, 3-5’ and 3-
O-5 linkages along with increased molecular weight and condensed lignins. This suggests 


















C-O stretch (1215 cm-1) 
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hindrance in lignin C5 position that facilitates the formation of resonance structures. The 
increased amount of total phenols including G and S units, and catechols could also result 
from the release of phenoxyl radicals and homolysis of the methoxyl groups. 
 
Relatively high temperature in the rheology test would lead to a competition of re-
polymerization and de-polymerization reactions, and the de-polymerization reaction 
appears to dominate as evident by the apparent decrease in molecular weight and 
hydroxyl groups in lignin.
155b
 Radical induced H-abstraction occurring at the Cα-H could 
form a benzyl radical that should have a lower unpaired spin density at the α-position 
with extensive electron delocalization analogous to the formed phenoxyl radicals
155b
 that 
suggests the following different pathways for de-polymerization reaction in order to not 
only control molecular weight growth but also transform the reactive C-O bonds into C-C 
linkages. The 1-phenyl-2-propyl radical (B) formed at relatively low temperature is 
reported to be more exothermic than that of phenoxyl radical.
246a
 Although intermediates 
generated by those radicals would be sterically hindered which further limited their 
participation in the chain propagating reaction, these radicals could be severely limited 
with regard to the sites that are capable of abstracting hydrogen from lignin to form more 
stable intermediates for the following de-polymerization reactions (possible pathways I 
and II in Figure 51) at relatively high temperature. Furthermore, cooling under air will 
lead to a series of highly reactive oxygen-based radicals, which further oxidizes the lignin 






Figure 51 Proposed lignin re-polymerization and de-polymerization reaction mechanism 




Rheology test of lignins with different S/G ratios was accomplished at 170, 180, and 190 
°C under different cooling conditions. 170 °C favors re-polymerization of lignin that 
displays an increase in guaiacyl, syringyl, catechol type hydroxyl groups, total phenols 
and condensed lignin structures, which resulted in the significant increase in molecular 
weights and viscosity values. In contrast, higher temperature 190 °C tends to prevent 
lignin polymerization to some extent in conjunction with considerable reduction of β-O-4 
ether linkages, aliphatic, phenolic and carboxylic hydroxyls, and therefore yielded lignins 
with relatively lower molecular weights and lower viscosity values. Air cooling 
introduced more oxygenated hydroxyl, carboxylic compounds and condensed bonds into 
the lignin macromolecules but lower amounts of ether linkages than nitrogen cooling. 
Lignin with lower S/G ratio exhibited higher viscosity values, molecular weights with 
larger amounts of condensed structures after rheology test at relative lower temperature. 
Proper temperature and air cooling conditions could contribute to the crosslinking of 
lignin and the formation of condensed structures with more carbon-carbon linkages that 
improve the spinnability of organo-solv poplar lignins, which therefore facilitates the 
following rapid chemical transformation to infusible mass and formation of planar 
graphitic structure during pyrolysis. The detailed characterization of lignin 
physicochemical properties after rheology test by NMR, GPC, ATR-FTIR provides 
insight into the mechanisms of rheology of lignin and will be of high value in the 




CHAPTER 8  
OVERALL CONCLUSIONS 
 
Lignocellulosic biomass as one of the most abundantly sustainable resource has been 
promoted instead of food-based materials for biofuels, biochemicals and biobased 
products production to meet the growing global demand for green energy and materials. 
The major challenge facing future lignocellulosic biofuel research is reducing the 
biomass recalcitrance through chemical and/or biological processes. Lignin is considered 
as one of the most recalcitrant components in the plant cell wall because of its structure, 
content, distribution and associations with plant polysaccharides within the cell wall, 
which not only affects the biomass substrate changes during pretreatment, particularly 
cellulose ultrastructure, but also influences the downstream enzymatic hydrolysis. 
 
The primary goal of this thesis was to demonstrate the different effects of various leading 
pretreatment technologies on cellulose ultrastructure changes. To fulfill this, several 
pretreatment technologies were carried out to study their different effects on cellulose 
crystallinity, crystalline allomorph distribution, and cellulose ultrastructure. The observed 
changes in the cellulose ultrastructure of poplar were also related to changes in enzymatic 
hydrolysis, a measure of biomass recalcitrance. Hot-water, organo-solv, lime, lime-
oxidant, dilute acid, and dilute acid-oxidant pretreatments were compared in terms of 
changes in enzymatic sugar release and then changes in cellulose ultrastructure measured 
by 
13
C cross polarization magic angle spinning nuclear magnetic resonance (
13
C CP/MAS 
NMR) and wide-angle X-ray diffraction (WAXD). Pretreatment severity and relative 
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chemical de-polymerization/degradation were assessed through compositional analysis 
and high-performance anion-exchange chromatography with pulsed amperometric 
detection (HPAEC-PAD). Results showed minimal cellulose ultrastructural changes 
occurred due to lime and lime-oxidant pretreatments, which however especially at short 
residence time displayed relatively high enzymatic glucose yield. Hot water pretreatment 
moderately changed cellulose crystallinity and crystalline allomorph distribution yet 
produced the lowest enzymatic glucose yield. Dilute acid and dilute acid-oxidant 
pretreatments resulted in the largest increase in cellulose crystallinity, para-crystalline, 
and cellulose-Iβ allomorph content as well as the largest increase in cellulose microfibril 
or crystallite size. Perhaps related, compositional analysis and Klason lignin contents for 
samples that underwent dilute acid and dilute acid-oxidant pretreatments indicated the 
most significant polysaccharide de-polymerization/degradation also ensued. Organo-solv 
pretreatment generated the highest glucose yield, which was accompanied by the most 
significant increase in cellulose microfibril or crystallite size and decrease in relatively 
lignin contents. Hot-water, dilute acid, dilute acid-oxidant, and organo-solv pretreatments 
all showed evidence of cellulose microfibril coalescence.    
 
Second study was designed to assess how the presence of lignin influences dilute acid 
pretreatment induced changes in cellulose ultrastructure, which ultimately have large 
implications with respect to enzymatic deconstruction efforts. Following extensive 
characterization, the partially delignified biomass displayed more significant changes in 
cellulose ultrastructure following DAP than the native untreated biomass. With respect to 
the native untreated poplar, delignified poplar followed by DAP (in which approximately 
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40% lignin removal occurred) experienced: increased cellulose accessibility indicated by 
increased Simons’ stain (orange dye) adsorption from 21.8 to 72.5 mg/g, decreased 
cellulose weight-average degree of polymerization (DPw) from 3087 to 294 units, and 
increased cellulose crystallite size from 2.9 to 4.2 nm. These changes following DAP 
ultimately increased enzymatic sugar yield from 10 to 80%.the results indicate a strong 
influence of lignin content on cellulose ultrastructural changes occurring during DAP. 
With the reduction of lignin content during DAP, the enlargement of cellulose microfibril 
dimensions and crystallite size becomes more apparent. Further, this enlargement of 
cellulose microfibril dimensions is attributed to specific processes, including the co-
crystallization of crystalline cellulose driven by irreversible inter-chain hydrogen bonding 
(similar to hornification) and/or cellulose annealing that converts amorphous cellulose to 
paracrystalline and crystalline cellulose. Essentially, lignin acts as a barrier to prevent 
cellulose crystallinity increase and cellulose fibril coalescence during DAP. 
 
Third study regarding the lignin structural change caused by DAP demonstrated the 
detailed lignin chemistry during DAP and its following influence on the enzymatic 
hydrolysis. Results highlighted that lignin was subjected to de-polymerization within the 
2 min of dilute acid pretreatment time and these changes were accompanied with 
increasing values for the aliphatic and phenolic hydroxyl groups of lignin. This was 
followed by a competing set of de-polymerization and re-polymerization reactions which 
lead to a decrease in the content of guaiacyl and p-hydroxyphenyl lignin units and an 
increase in condensed lignin units as the reaction residence time is extended beyond 5 
min. A detailed comparison of changes in functional groups and molecular weights of 
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cellulolytic enzyme lignins demonstrated different structural parameters related to the 
recalcitrant properties of lignin are altered during the pretreatment conditions. A better 
and deeper understanding of the fundamental chemical structure of lignin in this study, 
the most recalcitrant component of biomass, during DAP is critical to the continued 
growth of renewable biofuel production. 
 
In the last chapter in the thesis, lignins from poplar genotypes have been isolated for 
carbon precursor applications by an organo-solv extraction method. Physicochemical 
characterization of the lignin variants showed a broad distribution of glass transition 
temperatures (115–129 °C), steady melt viscosity at 170°C (20–320 Pa.s), and pyrolysis 
char residues (24–38 wt%).  It has been hypothesized that the structure of lignin affects 
the physicochemical characteristics of the lignin, including their rheology and ability to 
form fiber structure. In this study we measured the structural changes occurring under 
different temperatures as a result of thermo-rheological processing history by solution 
nuclear magnetic resonance (NMR) spectroscopy techniques and gel permeation 
chromatography (GPC). Rheological measurement at 170 °C induced lignin re-
polymerization reaction accompanied with an increase in the total phenols, condensed 
linkages, molecular weights, and viscosities. In contrast, rheology testing at 190 °C 
resulted in the decrease in lignin aliphatic and phenolic hydroxyl groups, β-O-4 ether 
linkages, molecular weights, and viscosity values. Air cooling generated lignin with more 
oxygenated and condensed compounds but lower amounts of ether linkages than nitrogen 
cooling did. During the rheology test, lignin with lower S/G (syringyl/guaiacyl) ratio 
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tends to form more cross-linkages along with higher viscosity values, higher molecular 




CHAPTER 9  
RECOMMENDATIONS FOR FUTURE WORK 
 
Lignin is a barrier to prevent cellulose crystallinity increase and cellulose fibril 
coalescence during DAP, which further affects the downstream enzymatic hydrolysis. In 
order to gain a deeper insight into the recalcitrant effect of lignin on biofuel production 
and its structural impact on biomaterial performance, several projects are worthy of 
further investigation.  
 
These include the optimized partial delignification with hemicelluloses removal during 
DAP. This would remain cell wall spatial structure without elimination of all lignin 
spacer, increase specific area, reduce its irreversible adsorption to the enzyme, and result 
in the coalescence of cellulose fibril to limited extent and thereby to provide an optimal 
pretreated biomass for subsequent enzymatic deconstruction. These findings with 
optimized conditions could ultimately be applied to energy crop including woody and 
non-woody biomass, bamboo, soda pulp and even transgenic biomass in order to further 
boost the biofuel production. 
 
In addition, efforts should be put to select suitable lignins with lower S/G ratio from 
various low-cost bio-resources and/or genetically engineered plants, and to investigate 
proper thermal treatment conditions that can improve the spinnability of lignin for 
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